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APPENDIX A 

FLORA A!!D FAUNA 

Appendix A consists of two parts. The first, Appendix A-1, is a composite 
' listing of Rocky Flats flora and fauna generated by on-slte and off-site researchers. 

The second document, Appendix A-2, is a reproduction o f  a three-year summary 
report of Colorado State University researchers. 
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APPENDIX A-1 

LIST OF FLORA AND FAUNA AT ROCKY FLAT5 

Numerous species of animal and plant life have been identified in the Rocky Flats 
area. 

Rocky flats floras have been identified (Tatle A-1) through an on-site inventory by 
Dt. W. A. Weber. et al., (Weber, 1974). from the University of Colorado. The inven- 
tory revealed 327 species o f  vascular plants, 25 lichens, 16 bryophytes, and one 
macroscopic green algae. 

None are classified as tare or endangered. 

The species listed in Table A-1 are documented by specimens on permanent file in the 
University of Colorado Museum herbarium. A second set, complete except for species 
that were in extremely short suppiy, was deposited with the management o f  the Rocky 
Flats Plant. Duplicate collections of the bryophytes and lichens were not prepared 
for on-site documentation, however, these specimens are on permanent file in the 
University of Colorado Museum herbarium. 

Table A-1 is divided into four sections: vascular plants, bryophytes, lichens, and 
macroscopic green algae. The list wiihin each section is arranged alphatetically by 
species. with the family indicated secondarily. In addition, square brackets are 
used to identify some species reported by Dr. Whicker of CSU, (Whicker, 1973) but 
which Weber did not find in his inventory. 

Abbreviations used in Table A-1 are as follows: 

MIV-Adventive BIEN-Biennial PER-€erennial 
AN-Annual IND-Indigenous 

Shown in Tables A-2 and A-3 is a listing of fauna at Rocky Flats, which was generated 
from observations of CSU researchers (Whicker, 1974), and those of a Rocky Flats' 
biologist (Zillich, 1974). Fish known to occur at Rocky Flats were identified by 
Zillich (1974) and are listed in Table A-4. Other species of aquatic life within 
the Plant site aere identified by Johnson, et al., (1974). and are also listed in 
Table A-4. 

A-1-1 
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TABLE A-1 

Yu\FTS K" TO OCCUR AT TIE ROCKY FUTS SITE 

I 

Vascular Plants (327 Species) 

AM1Ll.W IANuulsA ktt. 'Yarrow" (Canpositae). INi) ?ER 
AaJSERIS GLAUCA (Pursh) Raf. "False Dandelion" (Canpositae). IXD PER 
AGRIMXJlA STRIATA Michx. "Agrimony" (Rosaceae). IND PER 
ACRWYRDN DESERTORLN (Fisch.) Schult. "Crested Wheatgrass" (Gramineae). AW PER 
A Q D m  REPM (L.) P.Feauv. "Quack-Grass" (Gramineae). AW PER 
MZWiWN SMI'IHII Rydberg. 'Western Wheat-grass" (Gramineae) . IND PER 
ACR3PYRON TRAMyCAlJLU4 (Link) Plalte. "Slender Wheat-grass" (Gramineae). IND PER 
AGRC6TIS GIG'.W€A Roth (A.alba of American treatments). "Red-top" (Gramineae). AD' PER 
!&ISMA PLAKTAGO-AQUATIC4 L. ssp. BREVIPS (Greene) !Samuelsson. 'Water-plantah" (AliSmceae). IM) 

PER ALLTIM CERNlXJM Roth. *'Nodding Onior.t* (Liliaceae). I r F l  PER 
W I C M  TEXTILE Nels. and Macbr. *'Plains Wild Onion" (Liliaceae). IND PER 
ALYSSUM ALYSSOIDES L. "Sweet Alyssum" (Cruciferae). kw 

ALYSWI MINUS (L.) Rothler. "Alyssun" (Cruciferae). AW 
AMBWIA ARTDffSIIFOLIA L. "Rom wormwood" (Corrrpositae). Aw AN 
AMBROSIA PSIBTAWA X .  'Western wonmJood" (Composi:ae). IND PER 
AMaROSIA TRIFIDA L. "Giant Ragweed" (Compositae). ADV AN 
N E M I E R  AWIFOLIA Nutt. "Shadbush" or "Servicebeny" (Rosaceae). IND 
MlRPHA FRUI'ICOSA L. var. OCCIDE",IS (Abrams) Kearney and Peebles. "Lead-plant" (LegunhOSae). IM) 

[h ha nana.] In tht absence of a voucher, we suspect that this is a misidentification of 
*t ico*:a. 

MDROPOCON GERARD11 Vim. "Big Bluestem" (Gramineae). IND PER 
[Andro 
not 

ANDREXE OCCIDENTALIS Pursh. 'Western rock-primrose" (Prhlaceae). IND AN 

A"NARIA PARVIFOLIA Nutt. "Pussytoes" (Compositae). IND PER 
ARABIS FENDLERI (Wats.) Greene. "Rock Cress" (kiferae). IND FER 
ARABIS ClABR4 (L.) Bernh. "Tower bbstard" (Cnriferae). AW BEN 
ARABIS HIRSUTA (L.) Scop. Wairy 1 ock-cress" (kiferae). IND 
ARENARIA FENDLERI Gray. "*dwort** (Caryophyllaceae). IND PER 
ARc;BoNE ML?IANMltTx3s (Fedde) C.B. hbey. Trhickly Poppy" (Papaveraceae). IND BIB4 

ARISTICA LUGISETA Steud. "Red Ihree-awn" (Gramineae). IND PER 
APNICA Nu;pIs Fursh. "Orange Arnica" (Canpositae). IM, PER 
"BUSIA CAMPEslRIS L. "Field WonrsJood" (Canpositae). IND PER 
" E W S I A  DfWUKUS L. "Linear-leaved wornarood" (Compositae). IM) PER 

on hallii.] We suspect this report to be a misidentification of A erardii. A.hallii has 
been found in the Boulder area and is typical of sand dune a r e t .  

- A"E CYLINDRIC4 Gray. "Thimbleweed*' (Ranunculaceae). INU PER 

, 

I 
ARJSTIIN BASIRAMEA Ekgelm. "Harvard Ihree-awn" (Grar,:iueae). Ih9 AN - i  
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'C4BLE A-1 (continued) 

ARTkMSIA l X W W X U E  L. "Linear-leaved WonmrxxYq (Gmpositae). IND PER 
MllMEXA FRIGIW. Willd. "Pasture Sagebwh" (Cciqmsitae). IND PER 
ARlDusIA WDOVICIANA ktt. ssp. WDCNlCIANA 
AscLspIAs SPECIOSA Torr. "showy Milkweed" (:\xlepiadaceae). IND PER 
I k l e p i a s  stenophylla.] We undoubtedly overlooked this species, which occurs wry 

AsctEpIAS VIRIDIFUXA bf. "Green Milkweed" (Asclepiadaceae). IND PER 
AspAw\(;us OFFICIWIS L. "Asparagus" (Liliaceae). ADV PER 

sporadically and never occurs in 1a:ge nunbers. 

[Aster CamRltatus cinssulus. 1 
well have missed. However, 

= Aster falcatus Lindley. Very late-flowering species vhich we may 
chere is also the possibility of a misidentification o f  Aster mrteri. 

(Aster ericoid?.] See note under A.cotmutatus. Both species should OCM in  the area. 
ASTER WRTERl Gray. White Aster" (Canpositae). INTI PER 
ASIRAGALLS MsuR(;ppj Pall. var. W)BUSTIOR Hook. * M i l k  Vetch" (Leguninosae). IND PER 
A S T W U J S  BISULCATUS (Hook.) m y .  "THO-grooved Milk Vetch" (Legminosae). IND PER 
Icsnw;\L1G CRASSIMPUS Nutt. "Ground-plun" ,jRguninosae). IND PER 
ASIRACAUIS WCWITIS Fisch. ex E. *'Milk Vetch" (Legunhsae). IND PER 
AsIRAGAtus DRlbKNDII Dougl. ex Hook. 'Milk Vetch" (Leguninosae). IND PER 
ASIRAGAUS FLEXKISS (Dougl.) Don. "Milk Vetch'' (Leguninosae). IND PER 
ASTWXUS SiOKrIANUS Gray. 'Wlk Vetch" (Leguninosae). IM) PER 
B A R B 4 R u \ o m  Ledeb. 'Winter Cress" (Cmiferae). 1M) PER 
BICQIS (3RW L. ' ~ i n g  Eur-marigold" (Cmpsitae). IM) AN 
BW"A GRACILIS O1.B.K.) Lag. "Blue Grama" (Gramineae). IND PER 
BWl€lLM (XIKTIPENCUIA (Michx.: Torr. "Side-oats Grana (Gramineae). IND PER 
BlUMJS BRIWEFORMIS F. and M. "Rattlesnake Grass" (Gramineae). A N  AN 
BRIMS INfBtIS Leyss. %moth 5rm11e~~ (Gramineae) . AW PER 
BRtME JAPONICUS T d .  "lapanese Bmme" (Gramineae). Aw AN 
BlMcs IECK" L. "Cheat-grass" (Gramineae). ADV AN 
IlucwLIlE KWNLDI55 (Nutt.) Engelm. "Buffalo Grass" (Gmineae). IND PER 
U4LI.llRI(XE P W X S  L. 'Water Starwort" (Callitrichaceae). IND AN 
CUDWXUS [;uNKfs(MI Wats. %wiuosa or Sego Lily" (Liliaceae). IM) PER 

~~~ SERRUU\TA (Nutt.) Raven. "Bushy Evening-Primrose" (Onagraceae). IND PER 
CALYSIEGIA SEPIlM (L.) R.Er. ssp. AprERlCPW (Sims) B m i t t .  Wdge Bindweed" (Coagolvulaceae). 

CAMELIN4 K ICRXXPA  Andrz. "False Flax" (Cnciferae) . AW AN 
CMt4tUA RY"DI€VLIA L. "Caman Harebell" (Campanulaceae). IND PER 
C"UUA DRABA (L.) Dew. 'Whiteweed" (Ouciferae). Aw PER 
CARIUIS NUX'' L. ssp. W L E F ' I S  (Petem.) Kazmi. "Nodding Thistle" (Cuqmsitae). AW BIEN 
CAREX A l l U O S T M A  Olnqr .  q*Sedgel' (Cyperaceae). IND PER 
CAlW NREA Wtt. "Sedge" (Cyperaceae). PER 
CARM BRRnoR (Dewey) k c k .  'Sedge" (Cyperaceae). IM, PER 

INDPER 

1 



TAN€ A-1 (continued) 

CAREX EXJCUSII Boott i n  Hook. 
[Carex fil ifolia.]  We suspect that t h i s  rqor t  refers to Carex oreocharis. 
CAREX HELIOPHIIA Mack. "Sedge" (Cyperaceae). IND PER 
CAREX HYSIRICINA &eN. "Bottle-bwh sedge" (Chperaceae) . IND(?\WR 
CAREX INIERlOR L.H. Bailey. "Sedge" (Cyperaceae). IND Pm 

CAI'M NEBRASWIS Dewey. '*Sedge" (Cyperaceae). IM) PEB 
CAREX OREOMARlS Holm. "Sedge" (Cyperaceae). IND PER 
CAREX PRAEGRACILIS Boott. "Sedge" (Cyperaceae). IM) PER 
CAliEX SCOPARIA Schkuhr. "Sedge" (Cylwraceae) . IND PER 
CAREX S I W T A  b c k .  "Sedge" (Cyperaceae). IND PER 
CARW s I l E " y L L A  Wahlenb. ssp. ELUMWlIS (L.H. Biiiley) Hulten. "Sedge" (Cupetaceae). IND PER 
CAREX STIPATA kbehl. "Sedge" (Qperaceae). IND PER 
CAIIEX Ul'RICIJIATA Boott. "Sedge" (Cyperaceae). IND PER 
CASTIWA IWEGRA Gray. "Orange Paintbrush" (Scrophulariaceae) . IND PER 
CASTILWA SEssILIFLoR4 Pursh. "Plains Paintbrush" (Scrophulariaceae). IND PER 
CE"S LONGISPINS (kck. i n  Kneuck.) Fern.. 'Sand Bur" (Gramineae). IND PEIt 
CERASTIM AKVEEGE L. "Field Mouse-ear" (3ryophyllaceae). IND PER 
CXkASTICM FO"! bung. 'Wuse-ear" (Caryophyllaceae). AW PER 
CERASTICM MEANS Raf. var. SRACHYIWm Engelm. "&use-ear" (Caryophyllaceae) . l"I AN 
[Cercocarpus montanus.] We did not find this conspicuous shrub and feel obliged to doubt the report. 
WWESYCE GLWTOSPERMA (Engelri.) Small. 'Thyme-leaved Spurge" (Euphorbiacese). IND AN 
Q1FNopoDI1M ALBlM L. "Comnon Pigweed" (Chenopodiaceae). AIN AN 
omJ(jp0DICM BDTRYS L. "Jerusalem-oak" (Chenopodiaceae). Aw AN 
amJopoDILM LEpropHyLLzM (hq.) Wats. '"arrow-leaved Goose-foot" (Chenopodiaceae). IND AN 
[Chrysopsis villosa. J This i s  the same as Heterotheca villosa. 
[Chrysothamnus nauseosus pinifolius.) We do not believe that we rould have overlooked this cons pi^ 
shrub, and we suggest that this was possibly based on a misidentification of QItierrezia sarottme. 

CIQKlRIW INMBUS L. "Chicory" (Compositae). Ativ PER 
CIRSIIM ARVENSE (L.) Scop. "Canada Thistle" (Cmpositae). AW PER 
CIRSIW Gray. Thistle." IND BIEN 
CIRSIW IpIWW Wtt.) Spreng. 'Wavy-leaved Thistle" (Cmpsitae). IND BIEN 
CLPlATIS LIGUSTICIFOLIA ktt. !restern Virgin's-bower" (Ratnmculaceae) . IND 
COLLINSIA PAJWIFLORA Lindl. '%by-blue-eyes" (Scrophulariaceac. IND AN 
CouOMIA LINEARIS N. t. "Collmia" (Polmoniaceac). IND AN 
c(EIANDRA WELIATA IL. J Nutt. ''Bastard Toadflax" (Santalaceae). IND FER 
aMroLwLus ARVENSIS L. '%Bindweed; Creeping-Jenny" (Convolwlaceae). Aw FER 
aRPHWM4 MIssouRlENSIS (Sweet) Br i t t .  and Rose. "Nipple Cactus" (Cactaceae). IND PER 
CRATAEWS ERYlWWQW Ashe. "HawthornT* (Rosaceae). IM) 

"Sedge" (Cyperaceae). IND PER 

IJNJGINOSA Michx. "Sedge" (Cyperaceae). IND PER 

k l - 5  



TABLE A-1 (continued) 

CREPIS WXIDENTALIS htt. *%wksbeard" (-sitae). IND PER 
CREF'IS RUNCII'WTA T. and G. '"awksbeard" (hpositae). IND PER 
(IlxxITA APPRGXIERTA Bab. ''Rxkiec'~ (Convolndaceae) . IND AN 
tYMXU&M OFFiCINw L. '%Hound's-tongue" (Borginaceae). AW bl@ 

filiculmis.] We doubt that this species occiirs i n  the area, but io the ab.irre of a voucher 
specimen, we a ) t  guess what other species might have beer. mistaken for it. 

rcyperus 

DKIYLIS GLfXRATA L. "Orchard Grass" (Gramineae). AW PER 
DALE4 W I W  Willd. "Prairie-clover" (Legminosae). IND PER 
w1u\ )2?9vREA Ven,. "Prairie-clover" (Leguninosae). MD PER 
DaRiIHfW " X I  Greene. "larkspllr" (kmnculaceae). IND PER 
!"IMM VIRESCENS htt. "Plains Iarkspur" (Rammruraceae). IND pE31 

lExuLzINTA P I N T A  (Walt.) Britt. 'Tansy Mstard" (Crucifera2). IND AN 
LEscLlRMNIA SORFrA (L.) Webb. 'Tansy b t a r d "  (Cruciferae). AW AN 
WoECAlMEcN PW3iELLLM (Raf.) &mil l .  "Shooting-star" (Prhlaceae). IND PER 
llESODL4 FAFFEA (Vent.) Hitck. .'Fetid hkrigold" (C-sitae). IND AN 
EcHIKx=EREus VIRIDIFLlXClLS Engelm. "Hen-and-chickens'' (Cactaceae). IND PER 
EOfIWUULM CIUS-GALLI (L.) P. Beaw. "Barnyard Grass" (Gramineae). ALW AN 
ELEOCXWS CDLORADOFNSIS (Britt.) Gi l ly .  "Spike-m'l" (Q-peraccae). IND PER 
uMo(ARIS ELLIPTIC4 Xunth var. WRESSA (Sull.) Lbap. and Whl. "Spikr-rush" (Cyperaceae) 
UEOMARIS WCRXTAWYA Britt. "Spike-ru-ch" (Cyperaceae). IND PER 
E L W  C P " S 1 S  L. "Carda Lild-rye" (Gramineae). IND PU 
EPILOBIW Arwmcam ' Haussh. Worthein Willow-herb" (Cagraceae). IND ?ER 
EPILOBIM PANI(xILATLM Nutt. "Panicled Willow-herb" (Onagraceae). IND AN 
EQuIsETlM LAEVIC4'K.M A. Br. "Scouring-rush" (Equisetaceae). IND !ER 
WCERCN CAMIS Graj j .  "Fleabe" (Canpositae). IND PER 
ERI- IIIVERCEES T. and C. "Spreading Fleabane" (Garrpositae). IM) Ah' BIEN 
ERIGERCN FIAGEIIARIS Gray. "Trailing Fleabane" (Ccmpositae). IM) PER 
ERICEIIIIN PIMILlE Nutt. " b w  Daisyt* (Canpositae). IND YtR 
[Erigeron s p e c i o e  J This report mist represent a misidentification, most likely of Erigeron 

ERIGERCN sTT(IGc1sUs hhehl. "Daisy Fleabane" (Canpositae). AW AN BAINE PER 
ERIOGOEWM A I A W  Torr. 'Winged Eriogonun" (Polyganaceae). IND PER BIW 
ERIoc(I.uM WBELIA'IIM Torr. "Sulphur-flower" Wolygonaceae) . IND PER 
Ewx)I1M CICWARIM (L.) L'Her. "Filaree" (Germiaceae) . PIIV PER 
ERysfMM ASPERLM OJutt.) X. Western Wallflower" (CNcifaae). IM) BIEN PER 
fRxplwrbia dictyuspema .] We bve only found this species outside the s i te  bamdary. 

EUFHRBIA MARGINATA Pursh. "Snsw-on-t!e-Mour&ain'* (Ephorbiaceae). IND AN 
EUPHORBIA -A (Engelm.) Smal! . %xky h t a i n  SpITge" {Euphorbiaceae). IM) PER 

END PER 

strigosus. 

PRATPSIS Hds. *%Meadow Fescue" (Gramineae) . AW PER 
spEjcI(3sA -1. "Ihuwnt Plant" (Gentianaceae). IND PER 

A-1-6 



TABLE A-1 (.:mtinued) 

C%.ILUw)U ARISTATA hrrsh. "Blanket-flower" (Canpcsitae). IND PER 
WLM MARINE L. "Cleavers" (Rabiaceaa j . IND AN 

WIM PXEUE L. "Northern Bedstraw" (Ihbiaceae). INI) PER 
G&RA OXZIHE4 ktt. "Scarlet Caura'* (Onagraceae). IND PER 
U AFFINIS GRISE&. 1ND PER 
-lM CAESPITOSW James (G. framtii of Colorado literature). 'Wild Geranim" (Geraniacme). 

IND PER 
CILIA OWfWUOIDfS brand ssp. CLOmI 0 A. anl V. G r a n t .  'Cilia" (i'olanonlaceae). IM: AN 
GLYWIA MAxLM4 (l2trt-m.) Holmbe ssp. (3uLssDIS mat .) tlulttm. "Alerican PgMa-grass" (Gramineae). 

GLYCERIA STRIATA (lam.) Hitchc. 'Twl !danna-pss'* ( G r d n e a e ) .  IND PER 
GLYCYRRiltA IEPIDXA ( k t t . )  hrsh. 'Wild Liquorice" (Leguninosae). IND PER 
mwIEtlA sqiMRca (F'ursh.) Illrilal. " b e e d "  (Canpositae) . IND BiFN 
GUITr-JtRZIA SNWlRRA E (Pursh.) B r i t t .  and b b v .  "Snakeweed" (Canpositae). IND PER 
PMWIJRIA TKAI)(ypsEuIu (GrayJ C. a d  R. 'Whiskbmm Parsley" (Unbellifcrae). J,yD PER 
€!€ZEfM HISPIDIM Wsh. "Pennyroyal" (iaojcde). IEi3 W 
HELIAKItAls ANNUUS L. " r h m n  Smflower" (Conpositae). IND 21 

IM) PER 

[Nelianh petiolaris.] We may have overlooked this species, which is very similar to H. w -. Both 
species and hybr1-betwet.n them occur corrmorrly in the Boulder area. 

HELIAHIMG mECm k t t .  "Suntlower" (compsitae). Im PER 
HERACUM lANnilM Michx. "Cow Parsnip" (Unbelliferae). 1ND BIZN PER 
HEEWMC4 VILLOSA iF'ursh.) Shinners. "Golden Ester" (Cmpositae). IND PER 
HENXI&? ?ARVIFOLIA Nutt. "Nun-root" $axifragaceae). IND Ti3 
IXXDELM JuBAlLM L "Foxtail Barley" (Graminse). IND PER 
"YLLlM FEXDLERI (Gray) Hellw. 'Waterlead" (Hydrophyllaceae). IND PER 
HY?4fXIPAPPE FILIFOLILIS Nutt. (-sitae). IND PER 
HypERIaM PEIWORAllJ4 L. "Klanath Wd'CHypericaceae). ;uN PER 
1 I " S I S  SPICATA (Nutt.) V. Grant. "Spike Bilia" (Polenor.iacPae). IND BIM 
IRIS MIssc(azIp3sIS Nutt. 'Wild Iris" (Iriaaceae). IND PER 
JUKUS AHXIC.lIS Willd. ssp. ATER (Rydb.) Wten. *'Baltic Rush" (Jmceae).  IND PER 
[Juncus balticus.] = Juncus arcticus ssp ater. 
J'WX BUF(IJ1US L. "Toad Rush" (Juncaceae). WD 1w 

JuvQls DuDLty: Wieg. "Rush" (Juncacae). IND PER 
JUKUS ZIODOSUS L. "Rush" (Jtmcaceae). IM) PER 
J(Rxx1s SpcIMCNTAMls A. Nels. 'Rsh" (Juncaceae). iNR PER 
JLlMxs S- Nees. "Toad Rushq* (Juncaceae). A N  AN 
JUNW ToRREn Cov. "Rush" (Juncaceae). IND PER 
JWZS TR4CYI Rydb. "Ru-sh" (Junurceae). MD E2 
[Kochia iranica.] This is the mst abundant rudera! weed in zhe Boulder area. We did not see it in 
OUT inventory, but it probably wars, mst likely i.1 the v i c i i t y  of hildings within the security 
fence. 

k l - 7  
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TABLE A-1 (continued) 

KOIELFT.IA GIu\cILIS Pers. "June Grass" (Giamineae) . IKD FER 
u\cIucA SEJtRIOLA L. "Prickly Lettuce" (Carrpositae). MW AN 

LAPPULA REMWSKII (Hornem.) GREENE. "Bcyggar's Tick" (Eoraginaceae). 
LAlMWlS EU3SUS Butters and St. Joh. "Pea-vine" (Legunincsae). 1ND PER 
LE?&% MINX L. "kkweed: (Lannaceae). 110 .W PER 
LEPIDILM CAMPESTRE (L.) R. Rr. "Field Crcss" (Cnxifeae). Aw AV 

Aii 

(Lepidiun densiflorum.] This ndoubtedly occurs as a weed in  the area, possibly wi th in  the plant 
enclosure. We did not see it i n  the area which we covered. 

LESQIEREUA M3NTrLW (Gray) Wats. '%buntah Bladder-Pod" (Cmiferae). JNl PER 
LEWWXBW WL- Lam. "&-eye Daisy" (Corrpsitae). m- ilER 
LEuoocRIMM MhXbWWi Nutt. "sand Lily" (Liliaceae). IM) PER 
LIATRIS mltlcTATA M k .  "Blazing Star" (Canpositae). IND PER 
LINARlA WRTICA (L.1 M i l l .  "Butter-and-eggs" (Sciophulariaceae). AW PER 
LIMM LEMISH Ebsh.  'Wild Blue Flax" (Linaceae). IN) PER 
LI'IHOSPErW INCIslM Lehm. "Narrow-lead Puccoon" (Boraginateae) . X D  PER 
L4MTIW OklENTALE C. and R. "%ilt-md-!.er;per" (Unbelliferae). IMI PER 
LUPIN& ARc;EN;zuS Fursh. "Lupine" (Lqpiicrae).  IhD PER 
LYSIMLA CILIP.TA L. "Fringed Lousestrife" primlaceae}. IND PC-. 
LylMuQil ALATlM Purzh. 'Winged Loosestrife" (I  b-thraceae). IND PER 
W I A  %PES (Lindl.) G. Don. "Oregon-gape" (Rerberidaceae). IND 
MEDICAGO LumnINA L. "black Medic" ( W i n o s a e ) .  Aw PER 
MEIAMIRIIEI DIOICIM (L.) CDSS. and Germ. 'White Campion" (Caryophvilaceae). Aw PER 
MEL4NDRILM DRLXMXDII (Hook.) Hulten. "Campion" (Caryophyllaceae). WD PER 
).(ELIumff ALBA k r .  White Sweet-clover" (Legminosae). ADV AN BIEN 
WLILonrs OFFICIWIS (L.) Lam. "Yellow Sweet-clover" (Leguinosae). Aw AN BIEU 
ME"A ARVENSIS L. "Field Mint" (Ubiatae). IND PER 
)IIEItTENSIA UhWIATA (Pursh.) A. X.  "Narrow-laved Mertensia" [Boraginaceae;. IND PER 
WMlLus FLORIBLlMXLS Doubl . 'Vbnkey-f?ower" (Scrophllariaceae) . IND .W 
MIMnuS GL4BWTW H.B.K. "Smooth Wnkey-flower" (Sc-rophulariaceae). IND PER 
hDNARAA4 FI- L. "Pink Bergamot'' (Iabiatae). IND PER 
t 4 " B R S W  tK"4 (Nutt.) Hitche. '?buntain Muhly" [Gramineae). IND PER 
MUSINEON DIVMCAW (F'ursh.) Raf. Tbsineon" (Lhwlliferae). INLI PER 
WCSURUS M I N W  L. 'Vausetail" (Ranunculaceae). TM) AN 
NASmTW OFFICTPLX R. Br. (fermqly called iloripp nasturtim-aquatiam [L.] Schinz and Thell.) 

Water CI r&' ( h i f e r a e )  . IND ?ER 
NAVARREI'IA MINIMA Nutt. Wavarretia" (Polanoniaceae). AW (in our area a t  least) AN 
NEPETA CATARIA L. "Catnip" (Labiatae). AUV PER 
KTMOCALAIS ClPItl4TA (Pursh.) Greene. "False W e l i o n "  (Compositae). IND PER 
UWXHERA B R A D M W A  Gray. "Yellow Stemless Evening-primrose" [hagraceae). IND PER 
OE- FIAVA (A. Nels.) Mmz. *'Evening-primrose" (bgraceaas). IND PER 



n 

TABLE A-1 (conthd) 

0I.TX)IHExA SIRlCQsA (Rydb.) hck. and Bush. "Tall Evening-primrase" (Ckiagraceae). IND BIEN 
-DIU4 MlLLE Michx. vzr. OCCIDEMiUIS (Mack.) Johnston. 'False Grom~11" (Boraginaceae). IND PER 
OPUKTIA aMpRESSA [Salisb.) Macbr. Trickly-pear Cactus" (Cactaceae). IND FER 
OPWRIA FRAGILIS wtt.) Paw. "Brittle Cactus" (Cactaceae). IM) PER 
OPUNIA POLYACAKIHA Haw. "Starvation Cactus" (Cactaceae). IND PER 
[Opuntia rafinesquei.] = 0. cmpressa. 
0IMBA"E FRXICUATA Nutt. "Clustered Cancer-mot" (Orobulcheceae). IND AN 
OXALIS DILLENTI J x q .  'Wood-sorrel" (Oxalidaceae). IND 3% 
OXIBPWUS LINEARIS (Pursh.) Robinson. "Nanw-leaved Unbrella-wort" Wctaginaceae) . IND PER 
OXYEAFWS biimK;INEus (Mi&.) Porter end Coulter. *Weart-leav& Unbrella-mrt" (Nyctaginaceae). 

OxrraDPIS u\MBERTII Pursh. "Colorado Loco" (Leguainosae). IND PER 
PANICLM CAPILIARE L. 'Witchgrass" (Gramineae). IM) PER 
PANIaM OLIa35kAmfEs Schult. *'Panic-grass" (Gramineae) . IM) PER 
P A "  \7!lCAlW L. "Switchgrass" (Gramineae) . IM) PER 

IND PER 

PARONY(XIA JANESII T. and G. "Nailmrt" (Caxyophyllaceae). IND P'€R 
PEDIocAcTlls SIMPSONII (Engelm.) Z i i t t ,  and Rose. *?buntain Ball  Cactus" (Cactaceae). IND PER 
[Penstanon angustifolinus. j We suspect this report to be a misidentification of Penstanon virgatus 

PEG" VIRENS Perutell. Tenstanon" (Scrophulariaceae). IND PER 
PEiiS7l"  VIRGATUS Gray ssp. ASA-GRAY1 Crosswhite. "Cne-sided Penstaron" (Scrophulariaceae). IND FER 
PERSICARIA LAPA'IHIFOLTA (L.) S.F. GRAY. "Smartweed" (POlvgOMCeae). AW AN 
PERISCIARIA hl4tXATA (Raf.) S.F. Gray. "Lady*s ' R u W  (Polygonaceae). Aw PER 
[Petalostenon purpur AIS. 1 = Dalea purpurea-. 

PHACELIA KETERoPHyLI.4 Rush. "Scorpion Weed" (Hydmpkfllaceae). IND PER 
P" PRATENSE L. "Timothy" (Gramineae). ALW PER 
PHYLA CUNEIFOLIA (Torr.) Greene 'rFog-fruits' (Vmbenaceae). IND PER 
PHYSALIS LOBATA Torr. "Ruple-flowered Gmund-cherTy" (Solanaceae). IND PER 
PHYSALIS VIRGINIAN4 Mill. '%rourd-cherry (Solanaceae). IND PER 
RFlSOCARPUS hCWGmUS (Torr.) Coult. "Ninebark" (Rosaceae). IND 
PIMlS FWERCSA Laws. var. scDpuLoRLM Engelm. *Toponderosa Pine** (Pinaceae) . IND 
PL4NTAGU LAKEOLATA L. "English Plantain" (Plantaginaceae). AW BIEN PER 
PLANTAGO PATACCNICA Jacq. 'Woolly Plantain" (Plantaginaceae) . IND AN 
PQA CANBY1 (Scribn.) Piper. *%lue-grass" (Gramineae). IND PER 
PQA c(EBREssA L. "Canada Blue-grass" (Gramineae). IND PER 

POLYOOMM IxHx;LAsII Greene. "Knotweed" (Polygonaceae). IND AN 
POLYFQGU4 MBSPELIENSIS (L.) Desf. ?Rabbitfoot Grass" (-e). &W AN 
#lwJIILs m i  W e .  "Plains C o t t o d . "  (Salicaceae). IND 
mAFD(;EIuN K 4 T M  L. "Pon&eed" (Potamgenomceae). IND PER 

ssp. asapayi. 

LACINIATtM (L.) DC. (Compositae). Aw BIEN PER 
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TABLE A-1 (continued) 

F0IEWII.U FISSA ktt. "Sticky Cinquefoil't (Rosaceae). IM) PER 
HIIwIIlL4 GRACILIS aXrgl. ex Hook. "Cinquefoil" (Rosaceae). IND PER 
RYl'EWILLA HIPPIANA Lehn. 'Woolly Cinquefoil" (Rosaceae). IND PER 
PiUNEUA WLGARIS L. "Self-heal; Heal-all" (Labiatae). IND PER 
PIILHUS AERXCANA MARSH. 'Wild P l d *  (Rosaceae). IND 
PfUM VIRCINIAW L. var. I.ELAJDCWA [A. Nels.) 
PSazALEA TENulFLoRA Pursh. (Leguninosae). IND PER 
WWS W L. f';\ppler' (Rosaceae). AW 
RMWCUWS AqUAnLJS L. 'Water Crowfoot" (Ranwlculaceae). IND PER 

"Choke-cherry" (bsacae). 

[-us g1aberrirms.I We di, not believe this  occurs on the site ,  but have no 
idea w h a t  other species might be meant. 

iUWNlWS " I 1  Br i t t .  "Bittercup" (Ranmculaccae). MD PER 
RATIBIDA C O W I F E R 4  (Nutt.) Woot, and Standl. "Prairie Cone-flower" (Gmpositae) 
F(HIs TRlLOBATA Nut t. '5kmkbrush" (Anacardiaceae) . LXD 
RIBES AlJREM Pursh. "Colden Currant" (Grossulariaceae) . IM) 

IND 

IND PER 

[Rorippa islandica.] The report undoubtedly refers to &&E palustris ssp. hispida. 
ROlllPPA PALUSTRIS (L.) Besser ssp. HISPIM (Desv.) Jonsell. "Yellow-cress" (Cruciferae). IND AN BIEN 
IIosA ARKA"A Porter. 'Wild Prairie Rose" (Rosaceae). IND 
'RUBUS IDAELIS L var. sIRIa3suF (Michx.) Maxim. 'Wild Raspberry" (Rosaceae). IN0 
RuDBEcKlA HIRTA L. "Black-eyed Susan" (Compositae). IND PCR 
WBECKIA UCINIATA L. var. AMPLA (A. Nels) Cronquist. 'Tall Cone-flowerev (Compositae). IND PER 
RWEX Af3XSELI.A L. "Sheep Sorrel" (Polygonaceae). AW PER 
RJMX CRISPS L. "Curly b V '  (Polygonaceae). AW PER 
RU-EX SALICI~LIUS Web. ssp. TRIANWLIVALVIS Danser. ' W i l l o w  Dock" (Polygonaceae) . IM) PER 
[Sagittaria cmeata.] We found only S.latifolia, but it is entirely possible 

that s.cuneata occurs on the site ,  since they frequently inhabit the same area; 
they are only distinguishable on examination o f  mature fruit. 

StW1TTAR.U IATIWLIA Willd. "Arrowhead" (Alisaceae). IND PER 
SALIX AMymALoIDES Anderss. "Peach-leaved Willow" (Salicaceae). IND 
SALXX ECIGUA Nutt .  "Sand-bar Willow" (Salicaceae). IND 
SALTX IMERIOR bwlee. "Sand-bar W i l l o ~ '  (salicaceae). IM) 

SALIX LIGULIFOLIA (Ball) Ball. * W i l l & 9  (Salicaceae). WD 
[Snldla kali tenuiflora .I  This is the ccmon %tssian This+le," Salsola iberica semen and Pau. It 

SAUGA REFIEXA Hornem. "Lance- leaved Sage" (Labiatae) . IND AN 

SQIIZACMIRIIM ScoPARIlM (Michx.) Nash (Andropogon scoparius of older treatments). 'Tittle Blue-stad' 

Pust be present on the area arid we are at a loss to h w  why we overlooked it. 

PANIculAnri Qfutt.) Trel. "bble-grass" (Gramineae). Iw AN 

(-e). IND PER 
SCIRPIG A a m f f  Whl. '"Bulrush; l'Ue*I (Cyperaceae) . XND PER 
SCIRPUS AMQUCANULS Pers. "Three-square" (Cyperaceae). IND PER 
SCIRPUS lAaRIluS L. ssp. VALIWS (Vahl) byam. "Bulrush; Tule" (Cyperaceae). IND PER 

, 

_- 



TABIE A-1 (continued) 

[s microcaFL] = Scirpus pallidus. 
SCIRpils PALLIDUS (Britt.) Fern. (Qpcraccae). IPiD PER 
SCIUIPHUIARIA IANCEOIATA hrsh. "Figwort" (Scrophulariaceae). IND 
SCUIELLARIA RRITIWII Porter. "Skullcap" ([abiatae). INll PER 
SECALE ERE.4.U L. "Re" (Granimeae). AW AIV 
SEDlM IANCEOLAIW Torr. "Sto-..sxop" (Crassulaceae). IND PER 
[Senecio a t r - . ]  This is a species of scree slopes in the subalpine sone and hardly wuld be 

SENECIO INTEGERRINK mtt. "Buttenee'." (Compositae). IND PER 
SENECIO PL4TIENSIS Nutt. "Buttexweed" (Compositae). IND PER 
SENECIO SPARTIOIDE T. and G. "Broom Ragwort" (Compositae). IND PER 
SETAJUA VlRIDIS (L.) P. &aw. "Green Bristle-grass" (Gramineae). AW AN 
SILENE ANTIRRHINA I.. *'Sleepy Catchfly" (Caryophyllaceae) . A I N  AN 
SISYMBRIUM ALT1SSIhf.M L. "Jim Hill btard" (Cnriferae). AOV AN 
SISYRINCHIUM K" Greene. "Blue-eyed-grass" (Iridaceae) . IhD PER 
[Sitanion hystrix.] = Sitanior. longifolium. 
SITANION LONGIFOLlLM J.G. Smith. "Squinel-tail" (Gramineae), IM) PER 
SMIIACINA STELIATA (L.) Desf. "False Solomon's Seal" (Liliaceae). IND PER 

expected to occur on the site. V e r y  likely this was a misidentification of Senecio intergerrims. 

[Solanum eIeagnifolim.] We do not doubt this report. The plant could occur very sporadically in 
waste grod, but we did not see it. 

SOL4Nl.M ROSTRAlWf h ~ i .  "Buffalo Bur" (SclanaLeae). ADV (here at least) AN 
[Solidwo ciliosa. J Highly unlikely for Rocky Flats and probably based on a misidentification o f  
m g v  missouriensis. 
SOLIMGO MISSOURIENSIS Nutt. "Smooth Goldenrod" (Compositae). MD PER 
SOLIIlAGo bDUIS Bartl. "Goldenrod" (Compositae). 1ND PEX 
SPARiINA PEmINATA Link. "Prairie Cordgrass" (Gramineae) . IND PER 
sP"ALcw\ COXINFA (Pursh.) Rydb. "Copper F.fallow" (Malvaceae). IM) PER 
SpoR0BoL.W C~I'?TANDRUS (Torr.) Gray. "sand Dropseed" (Gramineae). IM) PER 
-BOLUS HETEROLEPIS Gray. "Prairie Dropseedq* (Gramineae). IND PER 
!XELIARIA WGIFOLIA hehl. "Long-leaved Stitchwort" (Caryophyllaceae). 
-RIA PAUCIFLORA (Torr.) Nees. 'Wire-lettuce'' (Ccmpositae). IND PER 
[Stipa c m t a  Trin.] This species should be in the area, but we did not find it in our survey. We 

PER 

see no reason to doubt the report. 
neomexicana.] This species should be in the area, and it is very distinctive, but we did not %%- it in our survey. We see no reason to doubt the report. 

STIPA VIRIIxlLA Trin. "Green Needle-grass" (Gramineae) . IM) PER 
St'?&%3IUGWFfX OCCI~ALIS Hook. r'Snowberry; WrkbNSh" (Caprifolhceae). aS, 

~ C A R p O s  OREUPHIIIIS Gray. *!Snowbeny; Wrkbrush" (Caprifoliaceae). IM] 

TALI" PARVIFLORlM Nutt. "Fame-flower' (Portulacaceae) . IND PER 
TARAXAOLM OFFIClNAIE Web. in Wiggers. '%omnon Dandelion" (Compositae). AW PER 
lHEtESP€RM4 NEWAMIm (spreng.) Kuntze. '%reen-threadq* (Canpositae). IND PER 



lMI€ A-1 (continued) 

T€!ElWF'SIS DIVARICARPA A. Nels. "Golden Barner" (Legminosae). IND .?ER 
[Thlas i a1 stre.] = Thlas i mntanun L. "Candyhift'* (Cruciferae). T a1 stre is restricted to 

th*-k.ed until recently for the la& not doubt the 
report, but we did not find this in our survey. 

W I  AlWEWE L. "Penny Cress" (Cruciferae). AIN AN 
TINIARIA CCNVOLWUlS (L.) Webb and kq. (Kderdykia convolvulus [L.} h.) "Black Bindweed" 

(Polygonaceae) . ALw ,W 
MYKSFNDIA GRANDIFLORA Nutt. "Easter Daisy" (Carrpositae). 
" D X A  HOOKERI Bearnan. *'Easter Daisy" (Compositae). IND FER 
ToxIOXDE" RYDBERGII (Sm11 ex Rydb.) Greene. '%ison Ivy" (AMcardiaceae). IM) PER 
m I A  OCCIDENTALIS (Bri t t . )  Smyzzh. "Spiderwort" (Canposirae). IND PER 
TRACOPOCaJ WBIUS Scop. "Salsify" (Canpositae). AW BIEN PER 
TRAalwGcM PORRltmIUS L. "Purple Salsify" (Ccmposita+). Aw BIEN FER 
TRIFOZIW HYBRIDW L. "Alsike Clover:' (kguninosae). AW PER 
IRI~LILM P"SE L. "R~XI Clover** (Lqminosae). AW PER 
lYF'iiA IA7'IFOLIA L. "Broad-leaved Cat-tail" (Typhaceae). XND 
V m  PYWMIDATA Mic .  "Cow Cockle1* (Caryophyllaceae). ADV AN 
VERBASclM B!A'ITARIA L. 'Mth Muliein" (Scrophulariaceae). ADV BlEN 
VERBASaM TriApsUS L. "Great Mullein" <Scrophulariaceae) . BIEN 
VEREENA BRACEATA Lag. and Rodr. "hostrate Vemin" (Verbenaceae). AW AN 
VEPBENA HASTATA L. "I3 &e Vervain" (Verbenaceae) . INI, PER 

BIFN 

[Veronica Cqericana. I Probably a mhidentification of V.anagallis-aquatica, although there is I& 
reason k i ~ y  it could not occur here. 

VERONXCA ANAGAUIS-AQUATICA L. 'Water speedwell" (Scrophulariaceae). AW FER 
VERXICA PEREGRINA L. "Purslane Speedwell" (Scrophulariaceae). Aw AN 
VICIA AMDUCANA Eluehl. '%omnon Vetch" (Leguninosae). IND PER 
VOLA CANADPlsIS L. 'White Violet" (Violaceae). IND PER 
VIOLA NUITALL11 Pursh. "Yellow Violet" (Violaceae) . IND PER 
WIA OCIDFtoRA (Walt.) Rydb. "Six-weeks Fescue" (Gramineae). IND AN 
XAHMIlM STRWWILM L. "CocWcW' (Compositae). AW AN 
WCCA ClALlCA Nutt. "Spanish Bayonet" (Liliaceae). IND 
2YMlEtd.E VFNENoSlff Wats. var. 013AMINEUs (Rydb.) Walsh ex Peck. "Death Camas" (Liliaceae). IND PER 

I 

Lichens (25 Species) 
ACWUXKM FUSCATA (sduad.) Am. 
ASPICILIA CAFSIOCINEREA Wl.) Am. 

4 CAulPLAcA WRXYEIIA (E.) Flag. 
CAWEIARIELIA RLISUIANS *ell.-Arg. 
CUWKLA PYXIMTA (L.) Fr. 
JElMlUGWCN LAEHENLM (Ach.) A.L. Sm. 

t 
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TABE A - l  (continwd) 
b 

D I m m  OREINA Nom. 
DIPUIS<)IISIES SCRUPOSUS (Schreb.) Nom. 

Q1RyWLEUCA (Sm.) Ach. 
LEcAK)RAMlJRALIS (Schreb.) Rabenh. 
U C I E 4  AURIOIIATA Th. Fr. 
P-IA E.WPERATOU\ (Ach.) Nyl. 
PAIF.eLIA SUBDECIPIEX Vain. ex Lynge. 
PAlMfiLIA SUBRAMIQRA Gyel. 
PAlMfiLIA UIDFHYLIDDES (vain) Savicz. 
PAlb.IuIA ( X A N l M W M L I A )  indet. 
PUTIGERA CANIpu\ (L.) Willd. var.RIJFEENS (Weiss) Mdd. 
PHYSCIAORBICUUWS (Neck.) POETSM. 
PHYSCIA CAFSIA (Hoffm. )Hampe. 
PHYSCIA DUBIA (Hoffm.) Lett. 

PtNSCIA STELLARIS (L.) Nyl. 

P " 1 A  GRISEA (Lam.) Poelt. 
RINODINA sp. Met.  
SAwxK;yNE CLAWS (Ram. ex Lam. arrl E.) Krenp. 
xANMoRII\ FALUX (Hepp in arn.) Am. 

Bryophytes (16 Species) 
MLYSIEGW SERPENS (Hedw.) B.S.G. var. JURATZKANlM (Schbp.) Rau et Hew. 
BRMWIHECIIM FPIDLERI (Sull.) Jaeg. et Sauerb. 
B m  ARQXELM Hedw. 

BRylM CAESPlTICIlM Hedw. 
m CAPILLME He&. 
CAMFYLRM (IIRYSOPHYLUM (Brid.) J. Lmge. 
CEIUiIUDd P l W W 3 S  (Hedw.) Brid. 
I"ANOOARE AIMJfxls (iiedw.) Warnst. 
GRDKL4 bC"M B.S.G. 
M4RaWn.u WLYbnWHA L. 
ORRUXRIW PALIB6 BNch ex B i d .  
opntxfuw PUMIW sw. 
RIyscLM[TRIIM mmE (Hedw.) Hampe. 
WHLlANUrm (Hedw.) Lindb. 
FOLYllUcHM PILIFERLM Hedw. 
TORNU\ RLlRALIS (Hedw.) Gaertrl. 

Mscmscopic Green Algae 
QEARA species (Characeae). 



TABE A-2 

b l s  
LEPUS lUWSXDI1 - White-tailed Jack rabbit 
SYLVIWXR spp - Cottontail 
SPERMIpHILtS TRIDECENLIhEATUS - Thirteen-lined Ground  Squirrel 
THlMMys TALPOIDES - krthern Pocket Gopher 
pERDc"us HISPICUS - Hispid Pocket buse 
PEWXAlHUS FIAVUS - Silky Pocket W e  
PEWENSCUS M4NIcuLATlis - Deer Mouse 
F T X M 5 C S  DIFFICILIS - Rock Mouse 
Mlcw)?us pP?JsyLVANICUS - Meadow Vole 
OtSwTRA ZIBFTHICUS - *kat 
MS !dJSCWE - House Mouse 

CAMS lATRANs - Coyote 
pw3cyoN LCIOR - Raccoon 
MlsIELA !%ENGA - Long-tailed Weasel* 
TAXIDEA TAXUS - American Badger 
MEPHITIS !EPHITIS - Striped Skunk 
0Mxx)ILEUs "US - M e  Deer 

VuzPEs NLYA - Red FOX 

BIRDS 
ARE3 W D I A S  - Great Blue Heron 
ANAS PlAlnWNXXS - Mallard 
ANAS s1REpuu\ - Gadwall* 
ANAS CYAWFERA - Cinnmn Teal* 
U4REC4 AMERICANA - Baldpa:e* 
ANAS C A R O L I ~ I S  - Green-winged Teal* 
ANAS DISCOS - Blue-winged Teal* 
BUIEO JMCEXSIS - Red-tailed Hawk 
BUi€O IAGOPUS - .4merican Rough legged Hawk* 
CI- CYANEUS - Marsh Hawk* 
FALOO STARVERIUS - American Kestrel* 
MARADRns yocIFERus - KiZldeer* 
couEpu\ L M A  - Rbck Dave* 

- 

1' 

AYlHYA AMERICANA - R e e d *  

BUIEO REGALIS - Ferruginous Hawk* 

-- 

e 1 *Spxies shown with an asterisk have been seen within the site by a Rncky Flats biologist. All 
other species were previously identified by Whicker (1074). 

i 
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TABLE A-2 (continued) 

t p u u D u R A  bNCWJRA - kurning Ibve 

CHORDEILES MINOR - Comnon Nighthawk 

SAYORNIS SAYA - Say's Phoebe 
AQL4IlE PH3ENIQiUS - Red-winged Blackbird 

HIIUMDO RUSTICA - Barn Swallow* 
PICA PICA - American kgpie  
CORVUS CORAX - Raven* 

BUBO VIRGINIANS - Wined Owl 

E U X X  - Belted Kingfisher* 

ALPESMS - Horned Lark* 

nmx6 MICRATORICLS - Robin* 
STJRNlR wu;ARzS - Starling* 
SlVRNELIA NECLECTA - Western Meadowlark 
w m  ~ S C U I A  - Comnon GrackL* 
XX#llWS ATEB - Bx-own-headed cawbird* 

PIPI1L) E R Y l l i K l ~  - Rufous-sided Towhee 
FUEXEES GRAMINEUS - Vesper Sparrow 
MEUWIZA W I A  - Song Sparrow* 
SIALIA O I D E S  - h t a i n  Bluebird* 
JUNW HYMUIS - Slate-colored Junco* 

CAUMSF'IZA MELWXDRYS - Lark Bunting 

PASSERINA lvaEx4 - L3zuli Bunting 

sw(JIyID mcuxARIA - Burrowing m1 

Yqecies s l m  with an asterisk have been seen within the site by a Rodry Flats biologist. A l l  
other species were previousljr identified by Whicker (1974). 

I I 
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TABIE A-3 

RANA PIPIENS E F t A W Y C E W  - Western Leopard 
(HRYSMS ?IDA - Painted Box b t l e  
"XM DOUGLASS1 BREVIPOSIRE - Eastern Sh3rt-horned Lizard* 
T " I S  RADIX - Plains Garter Snake 
COLUBEK C[MSTRI(;TOR - Racer 
PJluopHIS MEL4NJLEUCUS - Campn Bullsnake 

VIRIDIS - Prairie Rattlesnake 

*All of  these species were identified by Whicker (1974). 
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TABU A-4 

PqWTIC SPECIES KV%N To OCXlJR AT 'Mt KXXY FIATS S I E  

baysophyta 

DINOBRYW 
CYMBELIA 
Hrma 
NAVIQRA 

Fish** 

PIMEPHALES PRoI.1ELAs - 
Fathead Minnow 

LEpcI.IIs ClANELUls - 
Green Sunfish 

a m - 3  - 
Western White Sucker 

MlclMpTuuLs sALK)IDEs - 
Largmouth Bass 

SAlEO G " E m 1 -  
Rainbow Trout 

- 

Identified by Johnson, et a1 (1974) 
** Identified by Zillich (1974) 
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INTROWCT I ON 

This report i s  intended to  provide a general sumnary o f  the pro- 
gress and findings of work sponsored by ERDA under contract EY-76-S-02-1156 
over the period May 1, 1974 through July 31, 1977. Durins t h i s  period, 
the overwhelming majority o f  effort  was devoted to studies on the distri- 
bution, transport, characte:.ization and ecological consequences o f  plutonium 
in the terrestr ia l  environs of the Rocky Flats nuclear weapons plant near 
Denver, Colorado. 
carried out on the geochemistry o f  stable lead i n  an alpine lake and.its 
uatershed, cesium kinetics i n  a montane lake, long-term patterns o f  fal lout 
13’Cs in trout and mule deer populations, and effects o f  chronic g a m  
irradiation on a shortgrass plains ecosystem. Since the studies on lead 
and cesium have been o f  comparatively 108 intensity and because the data 
generated have not been analyzed suff ic iently  fo r  a substantive sumnqry, 
they are not reported on here. Those interested i n  the lead and cesium 
studies should consult the recent annual progress reports. I n  1975, the 
investigation of the effects o f  chronic irradiation on a shortgrass plains  
ecosystem was transferred t o  EHDA Contract EY-76-S-02-2743; therefore, 
it is  not reported here either. This report provides a br ief  synthesis of 
progress on the plutonium studies. 

environment has been keen i n  recent years. One focal point o f  concern 
i s  the grdssland near the Rocky Flats instal lat ion o f  the U. S. Energy 
Research and Development Administration northwest o f  Denver, Colorado. 
Now operated f o r  ERDA by Rockwell International, the Rocky Flats  Plant 
handles large amounts o f  plutonium metal fo r  defense purposes. The plant, 
approximately 12 km northwest of the Denver, Colorado, metropolitan area, 
u t i l i ze s  nearly 30 km2 as  a buffer zone which separates the public from 
production operations. The climate o f  Rocky Flats  i s  typif ied by occasional 
strong W-NW winds exceeding 40 m/s and moderate precipitation (40 cm/y 
average). The physiognomy o f  Rocky Flats i s  described as  modified grass- 
land which includes species typical o f  shortgrass plains (Bouteioua g rac f l f s ,  

During the period, however, additional studies were 

Public and scientif ic  interest i n  plutonium contamination of the 

4 
7 

c Buchloe dactyloides, etc.) as well as  tall-grass prair ie (Agropyron spp. , 
Andropogon spp.), and ponderosa pine woodland. Mule deer (wccsi?eus 
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hemionus hemionus) reside alongside typically grassland species of  arthro- 
pods, reptiles, rodents, and birds. 

Lhms containing plutoniumcontaminated o i l  which leaked during 1959- 
1964 on the barrel storage area were the major s rce of plutonium contani- 
nation. Investigations by ERDA's Health and Safety Laboratory, Rocky 
f lats  personnel, and others indicated that plutonium contamination 
patterns i n  so i l  were consistent with predominant wind directions (i.e., 
plutonium concentration isopleths i n  soi l  extended primarily east and 
southeast f r o m  the barrel storage area). Evidence supports the concept 
that so i l  particles near the base of  leaking drums became heavily contami- 
nated w i t h  plutonium and were subsequently resuspended by strong winds. 
Contaminated soi l  particles were deposited downwind at  levels which 
decreased with distance. The plutonium has largely remained i n  so i l ,  
near the surface. However, masureab7e amounts have been found to depths 
of 30 an i n  so i l  and in  the biota. Public concern, lack of  knowledge on 
the environmental behavior of  plutonium, and the high radiotoxici ty of 
the element a17 provided justification for the research program described 
in this document. 

staff members A. W. Alldredge, 2. A. Bly, L. Fraley, Jr., and T. F. Winsor; 
and graduate students L. E. Alexander, W. J. Arthur, S. J. Baker, M. P. 
Carson, R. A. Geiger, 6. S. Hiatt, C. A. L itt le,  L. M. McCbwel1, S. L. 
Hecker, and M. L. Miller. 

The findings described i n  this  report were obtained by (alphabetically): 

I 
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SUMMARY OF FINDINGS 

i 

i 
. i ;  

Mttribution of  Plutonium i n  the Terrestrial Ecosystem 

Ne cstablfshed three sampling areas southeast [downwind) of the 
f o m r  o i l  barrel storage area: a 0.25 ha plot 50 m away, a 0.75 ha 
study macroplot about 200 m away, and a 500 m-lons sampling transect 
nmnfng from 270 to 770 m downwind. Two other study plots were established, 
one 1400 m south of  the f o m r  011 barrel storage area, and one i n  the 
northwest comer and upwind of  the plant. 
samples o f  soi l  , l i tter,  vegetation, arthropods (orders Arachnida, Thycanura, 
Orthoptera, and Coleoptera;, small m a m l s  (Peroinyscus maniculatus, Thonmys 
talpoides, and Spefinophilug tridecemlineatkis), mule deer, snakes (Coluber 
constrictor flaviventris, Pituophis melanoleuclrs m, and Crotalus v i r id i s  
- v l r m ,  and mourning doves (Zeoaidura macroura) from the study areas 
for plutonium analysis and biomass estimations. Samples were analyzed 
by l iquid scinti l lation counting i n  our laboratory or alpha spectrometry 
by camnercial laboratories. 

200 m downwifld of  the former barrel storage area, are given i n  Table 1. 
Mean concentrations, compartmental inventories, and concentration ratios 
are sumnarized. The data indicaro that the top 21 cm of soi l  contained 
m r e  than 99% of the total plutoniwn inventciry of  the ecosystem; the 0-3 
cm and 3-21 cm layers :lad about equal fractions. The fraction!: of total 
plutonfum i n  the non-soil compartments were orders of  magnitude lower 
than the soi l .  Litter had a higher fraction of  the total plutonium 
inventory than vegetation which i n  turn had a substailtially larger fraction 
than the animal compartments. These data imply that because most of the 
plutonium !s i n  so i l ,  land wanagement practices are very important on 
contaminated areas and also that plutonium transport by biota appears 
relatively insignificant, at least i n  the .short tern,. 

to be qualified in  the l ight  of  recent findings. For example, vegetation 
frola macroplot 1,  when cleansed of surface dust using an ultrasonic Lath, 
contains of  the order o f  1 to 2 dpm/g of  239Pu. This i s  strong evidence 

During 1972-1976, we collected 

Data from or representative of  macroplot 1, the principal study plot 

The values given i n  Table 1 for vegetation and small rnam:s need 
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Table 1. Distribution o f  239Pu i n  samples fmm Rocky Flats study macroplot 
no. 1. Compartmental 23qPu inventory (dpm/m2) = mean biomass 
(g/d) x mem concentratim (dpm/g). Fraction o f  total = mean 
canpartmental inventory (dpm/m*) + total inventory (dpm/m2). 
Concentration ratio = mean Concentration o f  compartment (dpm/g) 
+ Dean concentration o f  0-3 cm so i l  (dpm/g). 

~ 

Compartment Mean n* 95% confidence intervcl 

Plutonium concentrtiti ons (dpm/g ) 

Soi l ,  0-3 UII 1850 72 1230 - 2480 
Soil,  3-21 UII 233 309 154 - 312 
1 ftter 9 14 29 698 - 1130 
vegetation 63.4 76 34.8 - 92.0 
arthropods 12.6 23 7.1s - 18.0 
small rami s  14.4 304 5.29 - 23.5 

Fraction o f  total Pu 

so i l ,  0-3 cm 5.0 x lo-’ 2.3 x 10” - 7.4 x 10-1 
Soi l ,  3-21 UII 5.0 x 10-1 2.5 x 10-1 - 7.5 x 10” 
1 1 tter 2.9 x 10-3 1.6 x 10-3 - 4.2 x 10-3 

arthropods 1.2 x 10-8 4.6 x 10-9 - 2.0 IO-@ 
vegetation 1.0 x 10-4 4.1 x - 1.6 x 10‘4 

small m a m l s  3.3 x 10-9 6.6 x - 6.0 x 10’’ 
Concentration ratio 

so i l  I 0-3 cm 1.0 x 100 --- 
SOfl, 3-21 ~n 1.3 x 10-1 6.6 X - 1.9 x lo-’ 
l i t t e r  4.9 x 10” 2.9 x 10” - 7.0 x lo-’ 
vegetation 3.4 x 10-2 1.5 x - 5.4 x 
arthropods 6.8 x lo-’ 3 . 1 ~  - 1.1 x 
small mmls 7.5 x 10-3 2.2 x 10-3 - 1.3 x 10-2 

3r - no. of sblples for which the mean is  calculated: for arthropods 
and ‘~egetation, n 1s the number of groups o f  individuals analjzed; 
for small mmls, the number uf tissue samples, not individual 
anfmals. 
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that the mean value o f  63 dpm/g i n  Table 1 mdinly reflects plutonium i n  
the su r f i c ia l  dust. 
which were pooled 'io obtain more act i v i ty  per sample, gave lower mean 
values, on the order o f  0.4 dpm/g. 

doves 3n most cases have been below the analytical detection l i m i t .  
no case has a sample of internal t issue from these species contained more 
thm 1 dpm/g. 
the environs o f  Rocky Flats  i s  EigPly insoluble an4 i s  not moving into 
the biota to an unexpected extent. O f  the animals sampled, clrthropods 
clearly  contain the highest concentrations of 239Pu and also the largest 
fraction o f  the inventory associated with animals. As with vegetation 
however, arthropods were not cleansed o f  surf ic ial  act iv ity p r io r  to assay 
and the 239Pu concentrations of internal body parts i s  nrJt knokn. 

Plutonium ccwcentriitions i n  Rocky Flats  s o i l  varied inversely with 
distance from the original plutonium source, depth o f  the sample, and 

part ic le s i ze  o f  sieved s o i l  samples. Coefficients of variation o f  plu- 
tonium i n  soi: ranged to more than 300%, and frequency distributions were 
highly skewed with most samples l y ing  below the mean and a few being much 
larger than the mean. The plutonium distribution patterns and known 
characteristics of the plutonium source indicated that the mechanisms 
of environmental dispersion may have involved: the attachment c f  plutonium 
oxide to soi l  particles; primary dissemination o f  the contaminant from 
the source by wind; and heathering, microdispersal , and penetration into 

soil o f  deposited particles. The high degree o f  spatial var iabi l i ty,  i n  
particular, suggested that the most comnon functional form o f  the contami- 
nated so i l  during dissemination was probably an agglomerated part ic le 
containing many plutonium oxide and s o i l  particles bound together. 

geniety, soi l  samples from macroplot 1 were examined microscopically so 
that plutonium particle s izes and micro-distribution could be investigated. 
We wanted to  explore the idea that occasional high-activity samples were 
poss ibly caused by "hot particlcs" of plutonium. An autoradiographic 
technique, u t i l i z i n g  nuclear emulsion plates, was used i; CCtain abundance 
of,  and eauivalent s i ze  distributions for, plutonium particles i n  Rocky 

111 addition, more recent data on small nramna? samples 

Levels of  2 3 > c + . .  i.7 the tissues of mule deer, snakes, and mourning 
I n  

These data collectively indicate tbat the plutonium in 

I n  an effort to more ful ly  understand the problem o f  sampling hetero- 
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F la t s  surface so i l .  A total o f  1700 particles were sized, f o r  which mean 
239Pu02 equivalent diameters o f  0.29 um, 0.25 vm, and 0.20 um were found 
for 7 - ,  14-, and 37-day exposures o f  s o i l  to emulsion plates. A method 
to scan f o r  particles greater than 1.50 um equivalent diameter, u t i l i z i ng  
Kcdak A4 Industrial  X-Ray f i l m ,  was also used. 
with th i s  procedure was 6.86 vm 239Pu02 equivalent diameter. None o f  the 
part ic les  sized was o f  sufficient magnitude alone to account f o r  elevated 
plutonium act i v i ty  observed previously i n  Rocky Flats  surface s o i l  samples. 
Var iab i l i t y  i n  particle concentrations was observed, however, which sug- 
gested that heterogeneity i n  the spatial d istr ibut ion o f  plutonium particles 
in  the soil may part ial ly  explain observed var iab i l i t y  i n  s o i l  plutonium 
concentrations. While no "hot particles" ( >  1000 dpm) were found, their 
presence cannot be ruled out because of the limited quantity of s o i l  that 
can be feasibly examined by the autoradiographic technique. 

contamination, levels of plutonium i n  11 tter, vegetation and arthropods 
were s ignif icantly correlated to concentrations i n  s o i l .  These correlations 
provided additional evidence that most of the plutonium associated with 
these samples was actually attached to su r f i c ia l  dust. This study 
corroborates the idea expressed by other investigators that plutonium 
moves i n  the environment principally by physical rather than physiological 
mechanisms . 

The largest  particle sized 

Based upon data from samples taken across gradients o f  plutonium 

Data on 239Pu concentrations i n  vegetation, small mamnals and arthro- 
pods were too variable to show s ta t i s t i ca l l y  signif icant differences 
between species o r  taxonomic groups. cle a l so  have not been able to show 
s ignif icant differences between collection dates nor types o f  small maml 
tissues. 
log-transformed to reduce heterogenous variance and skewness o f  d i s t r i -  

S ta t i s t i ca l  analyses have been exhaustive, i n  that data were 

butions, and normal as well a s  non-parametric 

Plutonium Transport Processes 

In an e f fo r t  to  understand and possibly 
pl utoni um 
processes 

i n  the environment, several studies 

procedures have been used. 

Predict the behavior o f  
deal i ng with transport 

have been undertaken. These include measurements o f  aerial 

I 
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deposition rates, so i l  erosion, plutonium export resulting from biological 
processes, and plant uptake. Data from these studies have not been fu l ly  
analyzed, but several notaworthy points have emerged. 

Aerial deposition rates over the past two years h v e  averaged about 
20 dpm/m2-day i n  macroplot 1, based upon data from 21 wet pot collectors. 
This value i s  in  good agreement with mean a i r  concentrations over the 
area of  about 
of  5 cm/sec. This deposition rate would provide an increment to the soi l  
inventory of  only 0.006% per year. A deposition mi.? of 20 dpm/m2-day 
would theoretically lead to a 239Pu concentration i n  vegetation ‘of about 
2 dpm/g, assuming a mean biomass cif 220 g/d  and an effective half-time 
of  14 days. 

the soi l ,  erosional processes offer the potential cf dispersirig significant 
plutonium contamination. Such processes include w4:er erosion, both gully 
and sheet forms, and resuspension by winds. These processes may be enhanced 
by so i l  disturbance from natural phenomena such as animal activity and 
needle ice formation. We attempted to measure so i l  erCsion by tracing 
through time the location of  soil  particles tagged with 59Fe and by 
recording beta counts from soSr sources buried a t  fixed positions beneath 
the so i l  surface. These data gave no indication of  measureable soi l  
erosion over the duration of the study i n  undisturbed, well-vegetated 
areas. If surficial erosion were to occur, the fact that most of  the 
so i l  plubonium i s  greater than a few mn deep lends assurance that s ignif i -  
cant quantities o f  the element would not move. Severe gully erosion 
could move substantial quantities o f  plutonium, but this  has not been 
observed except in  steep, disturbed areas. 

gated in cqnsiderable detail by quantifying certain activit ies of  pocket 
gophers and mule deer. Burrowing and mound building by small -1s 
exposes contaminated so i l  to erosional forces. Pocket gophers at Rocky 
Flats form mounds and dig tunnels and burrows, and move large quantities 
o f  s o i l  i n  the process. I n  a plutonium-contaminated area of  2.6 ha, 
gophers constructed abwt 4.5 mounds/day, =presenting about 5,000 kg 
o f  soil per year which contained about 85 vCi  o f  239Pu. Most of  the 

uCi/un3 and a reasonable deposition velocity figure 

Since over 99% of the plutonium i n  the ecosystem i s  associated with 

, 
1 

The potential of mamls  for dispersing plutonium has been investi- 



8 

mound s o i l  oriqinated from the 10-15 cm horizon. The fate OC plutonium 
in  exvosed mounds has not been studied, but observations suqqest that 
most remains i n  the imnediate area o f  the mound. Mule deer ingest plu- 
toniun associated with vegetation and so i l  and transport the material to 
the surrounding area, where most i s  excreted with fecal materirl. 
s o i l  ingestion rates o f  up to 30 g/day and ingestion of contaminated vege- 
tation (1100-1400 g/day) lead t o  an estimated probable annual intake of 
0.07 $3 per deer feeding around the contaminated areas a t  Rocky Flats. 
An estimated maximum possible annual intake per deer i s  13 vC i  if the 
animal were confitied en'-irely to macroplot 1. Around 100 cfer u t i l i ze  
the Rocky Flats  buffer zone. but their  act iv ity i s  seldom concentrated i n  
the more highly contaminated areas. An upper l i m i t  estimate of the pro- 
portion o f  total plutonium dispersed from macroplot 1 by manrnali3!! act iv it ies  
i s  of the order o f  0.1 to 1% per decade. A more probable estimate i s  

Measured 

0.001 to 0.01% per decude. 

s o i l  to plants through root assimilation, and the comparative importance 
o f  root uptake and aerial deposition. 
and columns f r o m  macroplot 1 were transplanted either to an uncontamioated 
area northwest o f  the Rocky Flats Plant or  to a greenhouse a t  Colorado 
State University. 
been clipped a t  various time intervals and assayed for  plutonium to get 
an estimate o f  root uptake. The values have run o f  the order of 0-4 dpm/g 
dry vegetation, which i s  s imi lar  to the values for  ultrasonicated vege- 
tation from macroplot 1, but substactial ly l e s s  than unwashed vegetation 
from macroplot 1 which averaged about 60 dpm/g. These facts strongly 
implicate aerial deposition as the major transport mechanism. However, 
other data do not support t h i s  concept. For example, uncontaminated so i l  
blocks placed i n  contaminated macroplo\; 1 generated vegetation that was 
a l s o  of  the order o f  0-4 dpm/g. Also, aerial deposition rates as  measured 
by wet pot collectors i n  macroplot 1 would only account f o r  about 2 dpm/g. 
assuming a retention half-time o f  14 days f o r  plutonium on vegetation 
surfaces. 
we cannot yet draw a definite conclusion as to the relative importance 
o f  root uptake and aerial deposition. 

We have attempted to measure the degree o f  plutonium uptake from 

Intact, contaminated so i l  blocks 

Vegetation growing on these blocks and columns has 

Because o f  t h i s  discrepancy and our inabi l i ty  t o  explain it, 
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Comparative Behavior of 23fJPu and 239Pu 

I t  has been consistently observed that the isotopic activity rat io 
(dpm 239Pu/g + dpm 23ePu/g) i s  o f  the order o f  65 i n  surface so i l  samples. 
However, the isotopic ratio (IR) has been observed to decrease with so i l  
depth. Also, IR s  for  animal tissues have been substantially lower than 
for surface so i l ,  runnfng of  the order 5-30. Our in i t ia l  Snterpretation 
of  th i s  observation was that 23fJPu i s  more mobile than 23gPu arid penetrates 
'nore rapidly into the so i l  and through biological membranes more efficiently. 
Such isotopic discrimination has same theoretical basis because it has 
been demonstrated that particles of 238Pu break down i n  aqueous systems 
much more rapidly than 239Pu particles because of  the higher specific 
act iv ity of 238Pu. 
process of  "radiolytic weathering." 

An argwrent against the concept of differential rates of  particle 
breakdown from radiolysis i s  the fact that we have no reason to suspect 
that 238Pu particles occur distinct from 239Pu particles. Plutonium 
wrt i c le s  i n  the environs of  Rocky Flats l ikely contain both 'sotopes 
intimately mixed in a reasonably predictable ratio. Thus, the radiolytic 
effect of 238Pu decay, manifested i n  recoil energy of the 234U nucleus, 
should dislodge fragments containing 239Pu a s  well as 238Pu. Another 
argument is  that much of  the plutonium i n  soil at Rocky Flats appears 
monomeric and there is l i t t l e  if any reason to suspect isotopic discrimi- 
rration for  monomeric plutonium. 

a function of  total plutonium i n  the sample. Each data set has shown a 
similar pattern, with I R  values below 50 nearly always associated with 
samples containing less  than 10 dpm of  plutonium. Above 10 dpm, the I R  
appears independent of  the total plutonium in the sample. Tllerefore, it 
seeas clear that the I R  is birsed by sample activity, the bias becoming 
nore severe as the total Pu content dr reases below 10 dpm. Unaccounted- 
for  interference under the 23ePu peak o f  the alpha spectrum could explain 
the bias observed, but th i s  poss ibi l i ty  has not been explored fully. 
Fonnulatfon of conclusions regarding the isotopic rat io variations 
therefore awaits further data analysis. 

The more rapid breakdown i s  consistent with the 

Recently, we have examined several data sets by plotting the IR as 
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Ecological Consequences of Plutonium Contamination a t  Rocky Flats  

The contanlination of a portion of the terrestrial  environs o f  Rocky 
F la t s  with substantial quantities o f  plutonium provided the opportunity 
to  search f o r  possible ecological effects resulting from the presence 
o f  the element. Gross population effects from the levels of plutonium 
present i n  the environment were not expected on the basis  o f  predictions 
and extrdpolations from laboratory studies. 
a lack o f  population effects had not been demonstrated and furthermore, 
extrapolation from the laboratory to the natural environment i s  frequently 
not a va l id  practice, owing to complexities and interactions which occur 
i n  nature but not i n  the 1abJratOry. 

We conducted studies ifnich permitted ccmpari sons o f  various biological 
measurements and pathological data between ecologically similar study areas 
a t  Rocky Flats  o f  widely varying plutonium levels. So i l  i n  the principal 
study areas ranged f r o m  100 to over 20,000 dpm 239Pu/g i n  the upper 3 an 
(2-400 IrCi/m2). I n  addition, comparative data were obtained f r o m  control 
areas, containing only world-wide fal lout plutonium of the order of 
0.1 dpm/g (0.002 uCi/m2). Biological measurements such as vegetation 
cornunity structure and biomass; l i t t e r  mass; arthropod comnunity structure 
and biomass; and small m a m l  species occurrence, population density, 
biomass, reproduction, and physical s i ze  of whole carcass and organs 
were made. I n  addition, pathological examinations o f  small mamls, 
including x-ray for skeletal sarcomas, microscopy for  lung tumors, and 
,necropsy f o r  general pathology and parasite occul wnce were carried out. 
i While minor differences i n  certain biological attributes between 
study areas were observed, none could be related to plutonium levels. 
Pathological conditions and parasites dere found i n  some rodents, but 
occurrence frequencies between control and ctntami nated areas were 
similar. No evidence o f  cancers o r  other radiogenic diseases was found. 
These observations and measurements, conibined with intensive f i e l d  obser- 
vations over a period o f  f i ve  years, leads us to  conclude that plutonium 
contamination a t  Rocky F la t s  has not produced demnstrakle ecological 
changes. Fwthermore, the levels  o f  plutonium observed i n  tissues o f  
plants and animals i n  contaminated areas were insuff ic ient to produce 

However, pr ior  to our studies, 
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the doses that would be requlred to produce obvious biological changes. 
Subtle biological changes, such as chromosome aberrations, cannot be 

ruled out a t  Rocky Flats. However, even if chromosome aberration 
frequencies were increased in the more highly contaminated areas, popu- 
lation-level changes would l ikely not persist because of  the surrounding 
reservoir of normal genetic infomtion.  

. 
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APPENDIX B 
HETEOROLOGY 

Appendix 6 consists of two documents that present detailed information relating 
The to climatic characteristics and diffusion meteorology of the Rocky Flats Plant. 

first of these documents, Appendix B - 1 ,  is a complete copy of a report entitled 
"Characteristic Airflow Patterns Near Rocky Flats Plant and Their Relationship to 
Hetropolitan Denver." This report was prepared for the Plant's operating contractor 
by Loren W. Crow. a consulting meteorologist. Dated December 16, 1974, the report 
vas based on a three-year study of the site meteorology. 

The second docment, Appendix B-2, presents information detailing diffusion 
estimates made fcr the Plant site. These estimates were used to estimate accidental 
and normal emission doses for various sectors and distances from the site. 

. 

? 
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Neutral  s tab i l i ty  condi t ions  with correspondL:l?g well-mixed airflow 

prevails s l i g h t l y  over 50 percent of the hours per year a t  both Racky 

Plats and Denver A i r p o r t  (Stapleton In ternat iona l  A i r p o r t ) .  Under such 

c a r d i t i o n s  there is a wide range of d i r e c t i o n s  o f  flaw with a s l i g h t l y  

hfgher frequency in  the d i r e c t i o n  range f r o m  west-northwest through 

n o r t h e a s t  . 
hrring stable conditions t h e r e  i s  a marked d i f f e r e n c e  in the pat terns  of 

airflow emanating from the  Denver metropolitan area and the airflow 

emanating f r o m  R x k y  Flats. The confluence o f  drainage a i r  frcan both 

areas genera l ly  occurs above t h e  laver part of the Platte River Valley 

to the west'and north of  Brighton, Colorado. 

vertical mixing during stable a i r  periods. Stable conditions prevail 

for 35 and 40 percent of a l l  hours. 

There i s  very l i t t l e  

The least frequent s tabi l i ty  class is unstable conditions. 

uns tab le  hours occur i n  t h e  summer time when t h e r e  is strong v e r t i c a l  

Plixing produced ky high sur face  temperatures during daylight hours. 

unstable hours c o n s t i t u t e  less than 15 percent of the t o t a l  hours per 

year. 

Most of the 

The 

Unstable conditions genera l ly  occur when a i r  is moving toward the  

mountains and with corresponding rapid v e r t i c a l  mixing. 

Repeatable p a t t e r n s  o f  airflow can be i d e n t i f i e d  i n  f i v e  separately 

defined categories. 

airflow and nturn-arOUnd" days &ire the  most frequent types. 

dense p o l l u t i o n  occurs on "turn-around" tjpe days in the Denver metro- 

politan area. 

Days which are primarily contro l led  by "synoptic" 

Almost a l l  

The e f f l u e n t s  which moved away fram e i t h e r  Rocky Flats or 

-1- 
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th. Denver metropolitan area under darnslope stable conditions ssldam 

Iove back over the same source point: w i t h  no:-* z’han a -11 fract n of 

tbe in i t ia l  density. 

offluentm emanate fmm essentialxy a point source. 

This is particularly e... :.L :bocky Flats where 

High w i n d  speeds 220  mph occur between 500 and 600 hours per year a t  

Ibctql Plats. 

the west or northwest. 

ret-transporting d u s t  particles which have previously obtained sane 

collected burden of pollutant material from a localized source. 

of gaseous pollutant material or the very -11 and slowly falling 

particles containing toxic pollutants wculd be very low under such strong 

wind conditions a t  distances of more than a few hundred yads. 

The dominant direction of airflcrw for such winds is from 

Such strong winds are capable of picking up and 

Densities 

The astimates of wind frequencics by stability categories in this report 

w i l l  be replaceable by improved data when wre reliable stability 

measurements can be made using the planned ZOO-foot meteorological tower 

at  m k y  Flats. 

-2- 
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IHTWlWCTION 

This report summarizes airflow patterns within estimated stability catet- 

gories. These estimates have been made i n  the absence of vertical tempera- 

ture profile measurements i n  the h e d i a t e  vicinity of the raoCky F l a t s  

Plant.  Hourly wind data from January I, 1972, thraugh August, 1974, 

furnished the major source of infonnation in the plant area. Determination 

of annual frequencies was based on the two-year period 1972 and 1973. 

The wind measuring unit a t  Rocky Flats  is  located on the roof o f  the Health 

Physics Building which is  located near the west enG of the entire cmplecx. 

That building has been c irc le3  on the plant s i t e  MP stzm as Fig. 1. 

Only eight direction ranges (45 degrees each: were used in determining 

hourly wind directions a t  the Rocky Flats  PYant. 

relationship w i t h  the 36 directional values, one for each 10 degrees, 

reported by the National Weather Service a t  Denver Airport. 

canparisons were used the Denver A i r p o r t  data were grouped ine% 50 degree 

ranges for  each o f  the four major coordinates - north, east, south and 

west. For each o f  the other four directions - northeast, southeast, 

Icruthwest, and northwest - a 40 degree range was used. 

This prevents a direc t  

When direct 

I 

Zbture use of  meteorological taver data, particularly temperature 

differences w i t h  height, w i l l  be very useful in determining the huurly 

frequency of observations which f a l l  within the major stabi l i ty  categories. 

-3- 
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nobt of the bailding conplex a t  the Rocky P l a t s  P l a t  is located tm a 

&elf of gradually slopinu terrain. 

physical contour mapI Fig. 1. 

m a r e  areaI two miles on each side. 

ditches in this area - W m a n  Creek, Walnut Creek, and Roc;& Creek. The 

deepest and mcst extensive drainage di tch,  W o m a n  Creek, Is near the 

8outhor;l partion of the plant sit& area. 

fmm west to east  covers a 300-fwt decline from near 6100 feet 14% near 

the western plant b0t;ndaz-y t o  approximtely 5800 fee t  near tbe eastern edge. 

This location is shum in the 

The entire plant area cuvers a nearly 

There are tkree important dreirage 

The general domward slope 

The relative11 shaq slope domward to the bottom of W a n a n  Creek fran %e 

plant canplex can help account for some damslope drainage of cooler a ir  

bear the ground fran irortbwest toward solithcast fn the h e d i a t e  area of 

the wind measuring unit on the roof of the Health Physics. Building. 

other l i g h t  wind situation3 of downslope drabage,  airflow s e a s  t o  seek 

M alternate path from southwest toward northeast w i t h  a n e t  downward 

f l a w  in- Walnut Creek. 

8urface along both Woman Creek and Wclnur Creek w i l l  produce oood can- 

parativc data af=er the meteorological ta*er has been installed near the 

Health Phys ics  Building. 

a 

The col lect ion o f  supplemental wind data near the 

An examination of  Over 23,000 hours of wind data shows that LLght airfled 

m. north t o  south during night or forenoon hours is most ofter. related 

to drainage flow. 

02 the upslope motion during daylight hocrs. 

Light airflow frcw south to itorth is generally part 



I . .  

. , * .  

Tbe annual. climatic range of  temperatures and the extreme wind speeds 

recorded a t  the oeasuring point of the Health Physics Building are 

curied in the Annual Environmental Monitoring &ports. ( 

in temperature are less than 2OF. under most airflow conditions throughout 

the entire Rocky Flats Plant Complex. 

bstween parking l o t  areas and grsss:;ind areas could be much greater 

than 2 F. during the warmest part of the day under l i g h t  wind speed 

CCUlditiOnS. 

variations 

However, temperature differences 

0 

f .  
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E Z I O N A t  TOPOGRAPHIC INFLUENCES 

The Rocky Flats Plant is only a few mfIer t o  the east  of  rapidly 

increasing elevations of the front range of the Rocky Mountains. 

Terrain heights increase fran neax 6000 feet  above sea level  in the 

Lamediate vicinity  of the Rocky Flats P l a n t  to above 10,000 feet  &EL 

w L t h h  a distance of less than 20 miles t o  the west. The relative loca- 

aCar of the Rocky Flats Plant to the metropolitan area of Denver to the 

-*east of the plant and the c i t y  of  Boulder to the northwest is  

identified in both Figs. 2 and 3. 

The height contours are a t  500-foot intervals in the geographic map8 

Fig. 2. 

between the drainage toward the east  and northeist from Rocky Flats jnd 

the next drainage basin to the south which feeds into Clear Creek and 

jobs  the Platte River a t  the north edge of metropolitan Denver. 

d d g e  of higher ground i s  identified on both the geographic contour map, 

Fig. 2, and the shaded relief map, Fig. 3. The drainage basin of Big Dry 

Creek joins the Platte River near Fort Lupton which is  approximately 18 

nrfles farther north from the mouth of Clear Creek. 

However, more detailed maps identify a ridge of higher ground 

That 

The net drainage of  the several t r b u t a r i e s  to the Platte River  is tcrward 

the north-northeast from Denver toward Greeley. Hcmever, there is  well 

documented evideiice of downslope f l o w  toward the center of the valley in 

the Denver metropolitan area during most hours of stable a i r  conditions. 

The drainage i s  downslope from the 5500 Eoot contour toward the 5200 foot 

, elevation of the Platte River as it moves through downtown Denver. 

&shed red l ine is  used t o  emphasize the 5500 contour line which approxi- 

A 

, 

. mates most of the Denver metropolitan area in Zig. 2. Elevation.;. in the 

-7- t - -  
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,” Figure 2. Geographic contour map. 
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Figure 3. Shaded r e l i e f  map. 
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Feflaral Keights area near the north end of the paetropolitan area rise 

.hove 5600 feet a t  the highest point. 

mt as they relate to any a i r  pollutants which are emitted.near the 

ground during stable hours when the net flow is almost always downslope. 

These differences are moat import- 

sharply higher terrain to the west of the Rocky Flats area is 

Qraphically portrayed in the shaded rel ief  map, Fig. 3. 

terrain receives a camparatively Large amount of surface heating from 

the sun under clear or partly cloudy conditions i n  the early forenoon 

hours. 

generally one to two hours earlier in the vicinity  of  Rocky Flats than 

at: the Denver Airport which is located in the northeast part of the 

Denver metropolitan area. 

This higher 

A reversal of airflow from downslope to upslope takes place 

.-, 
I’ . 

\ 
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SYNOPTIC VS. NON-SYNOPTIC A I R F m  

1;n meteorology the term "synoptic" has developed a special meaning which 

relates to the various "same t h e n  maps which are prepared t o  give a 

marly instantaneous over-all view of airflow patterns. 

canmonly understood is the pressure pattern map. 

the general airilow pattern around high and low pressure centers over 

broad areas and &me the so-called "surface friction layer-. 

pattern can be determined even though surface observation points are 

separated by many miles. For purposes of this summary, "synoptic" f l o w  

at  the surface near the Rocky Flats Plant is indicated whenever the sur- 

face wind velacity and directions are both very similar t o  the synoptic 

f l a r w  pattern at approxhately 15.00 feet above the ground. 

The msp most 

Such a map indicates 

This 

tphe linkage of  the surface wind direction and velccity with the flow a t  

1500 feet takes place primarily during daytime hours b u t  can occur any 

t h e  during the day or night  when the larqe- scale weather map pattern is 

sufficiently strong ta control airflow throughout a well-mixed layer f t a n  

the surface of  the earth upward. 

Nan-synoptic f l a w  regimes are those i n  which the surface wind direction 

and velocity may carry l i t t l e  or no direct relationship t o  the general 

fluu p t t e r n  as indicated on the weather map a t  approximztely 1500 feet 

rknre the ground. 

cooler stable air develops near the earth's surface, the airflaw pattern 

w i t h i n  that layer generally has a much l i g h t e r  velocity and the direction 

can vary considerably from the f l a w  above the stable air. 

layers of a i r  near the surface generally o c c u r  in the time period between 

l 

When nighttime radiation takes place and a layer of 

The stable 

-11- 
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8 p.m. urd 9 a.m. but can occur for several additional hours per event. 

Overcast cloud cwer conditions and/or precipitation would decrease the 

d.rance t h a t  a separate stable layer can develop near tha surface. Data 

fama a 200-foot ttmer wilr penait the detenninatifan of stability classes 

ud linkage w i t h  Synopuc fbw on almost an hourly basis. 



CRAEACTERIST3C A I W W  PATEPNS 

Several repeatable patterns of airflow a t  both b k y  Flat. and Denver 

Mrport can he identified f r a  a review of the hourly saquences of wind 

observations. 

patterns are illustrated. 

Wirpd speeds a t  Rocky Flats axe presented in miles per hour and at  the 

Denver A s r p o r t  they are listed fn knots. 

factor to change knots to mph i s  to multiply by 1.15. 

In Figs. 4 through 11 axsmples of these repeatable airflaw 

In these figures the hourly ObSer~8tiOnS Of 

The appropriate conversion 

In these several figuzes containing hourly wind direction and speed 

obaenrations, the direction indicator ends a t  a center point for each 

hourly plotted value. 

indicator shows the wind speed. 

10 mph is shown as -/o. A wind from the northwest a t  15 rnph is shown 

88 '5\. *C" stands for calm. Gusts are indicated by the le t ter  "C", 

followed by the number of the peak velocity for the Denver Airport data. 

Precipitation i s  also shown only as reported a t  Denver A i r p o r t .  

The nunbelt a t  the outer end of  the direction 

For instance, a wind fraa the east a t  

-. 
f 
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. r. synoptic Plw w i t h  Precipitation 

LbuPPples of closely related airfbw at  both la2atfons are illustrated 

when active precipitation is taking place in the entire region. 

?ig. 4. lrix day8 of airflow which had extended periads of active 

precipitation are presented. 

hourly obsenratioats a t  Denver A i r p o r t  b u t  it can be assumed that the 

r).me type of precipitation was occurring a t  Rocky Flats. 

l e t t e r  indicators are S = snw, R = rain, L - drizzle, SW and KW 

indicate shwer-type precipitation, and ZL = freezing drizzle. 

In 

Precipitation is listed only in the 

The code 

In each instance the hourly winds a t  R o c k y  Flats  are shown a t  the l e f t  

of the two columns w i t h  hourly data frm Denver A i r p o r t  i n  the r i g h t  

column. 

Flats, there appears to be longer periods of continuous flow w i t h i n  a 

s h g l s  45 degree bracket than occurs ocrreipondingly a t  Denver A i r p o r t  

where w i n d  directions are observed to 36 points of the compass. 

Generally speaking, a i r f l w  coincident w i t h  precipitation occurs when 

winds are fn the quadrant north through east. 

tscords fran the two stations are matched vezy well on November 12, 

1972, and on Apri l  30 and May 6, 1973. 

W i t h  only e i g h t  separate direction classes used a t  Rocky 

The h w r l y  wind direction 

I 

I I I d a  L . ,- 
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2. Additional Synoptic Flaw Examples 

sets of  seven separate days w i t h  six of them having no p r e c i p i t a t i o n  

ara 6hOm i n  Fig. 5. 

are shown for individual days on page 18. 

a t  the Denver A i r p o r t  for the same seven days are shcrvn on page 19. 

I n  many instances there are notably 'lower wind speeds at Denver than 

&t Rocky Flats.  

do not equal the steady winds €or most hours a t   ROC^^ Flats. E s s e n t i a l l y  

a l l  hours on these days could be l i s t e d  as synoptic  airflow. Boyever, 

the light winds a t  Denver which occur primarily during nighttime hours 

my be disassoc ia ted  from the genera l  synoptic flow and may represent 

w h a t  can be c a l l e 3  "dropout" hours when the colder air near  the ground 

permits d i s a s s o c i a t i c n  from the s t ronger  flow aloft. D a t a  for the 

early morning hours of November 27 show four or more hoyrs a t  both 

Rocky Flats and Denver when the-?  was probably a "dropout" of airflow 

near the surface from the genera l  synoptic flow. 

fn this instance a l l  ~ o c k y  Flats hourly w i n d s  

Correspoading hourly winds 

Even the peak gusts a t  Denver A i r p o r t  M December 12 

-17- 
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Soce additional i l lustrations of predcminateLy synoptic flcm typ3 d6y8 

,--I- 

' ,  . *  

vfth sane hours when there was a dropout a t  both locations similar t o  

that mentioned for  N w e m b e r  27 above are presented in Fig. 6. 

hours which appear to be to ta l ly  independent of general synoptic 

flat are bracketed. 

AS present near the ground generally begin by midnight and end fiefore 

zxxm, 

The 

These "dropout" hours when colder stable air 

Hany times they end by 3 a.m. 

-201 
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Three sets of 24-hour w i n d  rccords during which "dropout periods" w i t h  Ifg; 
variable winds and local u p s l o p e  can bet identificd as separate frcln gcneral synop 
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a frrpuaat repeatable pattsrn of  airflow is <r~#  in vtrich synoptic 

flow fraa s o %  westelrly dfrectioat perclists throughout the entire 

24 bout8 at  Wky Flat8 but oaly f8 linked W i t h  the 

Denver during the wamer hours of the day after the stable layer 

of air  near the ground has been eliminated due to surface heating. 

Thres sequential days that illustrate this repeatable pattern are 

rham in Fig. 7.  

J.nuary 28, 29, and 30, a t  Flats are shcmn a t  the left.  The 

bcurr, when eynoptic linkage prevalla at m v e r  Airport are identified 

w i t h  a long vertical bracket. 

f1w a t  

In this case the hourly w f n d v  on three days, 

i 
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- 5.' Western Synoptic Flow a t  Rocky Flats Matched w i t h  Easterly Flcw in 

Afternoon at Denver 

Xu some instances aitilov continues at Rocky Flats  from a westerly 

component w i t h  occasional w h i d  speeds greater than 20 mph while at the 

same time ajrflow at  Denver A i r p o r t  is fran sane easterly component. 

It i s  not canpletejly clear whether or not this east to west flow at 

the Denver A i r p o r t  constitutes a replacement eddy, 

Denver may move toward the mow'-ins a t  some point south of Rocky Flats 

where it then rises and joins into a flvw from west to east a t  sane 

upper level. 

The airflow a t  

Three sets of such days are shown in Fig. 8. 

It is  certainly true that data fmm the Denver A i rpor t  would not be 

representative of airflow at Rocky Flats on these days. 

during which the airflow is predominantly 

Airport are circled in black. 

The hours 

east t o  west a t  Denver 

. .  

I .  
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ROrW Flats Dcnver Rocky Flats Denver 

Fhb. . 
HOUR 

I 

02- lh, 

- - v y  

I 1,  '74 ' Peb. 2 

"13 MIS 
n 
7' 

2' . .  

Rockv Flats Mnvcr 
?ab. 4 

0: 
\5 

I 
1 / - 0' 
8 

M 
&6/ ;24 - 

?A re 8. 
d 1 e  there are pri-  o f  **upslopo** or * t u r n - a e *  airflaw at Mnver. 

Three sets of days when wcstarly synoptic airflow prevails at Rocky Flats 

-2% B-1-27 



I 

_ _  . -  . 

--. 

, 

, 

oprinq winter months it is often possible for damslope drainage f1W 

to c-tfnua at Rocky Flats for almost a l l  hours while cm these 8aSW 

days there is a damslope drainage flaw for 14 or more hours and a 

reversal to upslope flow for uree or  more hours at  Denver A i r p o r t -  

?ive sets of this canbination of airflow are presented in  Fig. 9. 

The period of d m s l o p e  drainage flow a t  Denver is identified with a 

bracket. The upslope or up-valiey flow hours are c-rcled for identiff- 

cation. These days a t  Denver A i r p c r t  f i t  the description of "tun- 

.roundu days while drainage flow continues a t  Rocky Flats, 

r 
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7. aTuxn-Aruundw Days and Can~risons of Thing 

Along tha eastern slope of the ~ o c k y  Uountains a high fraction of 

ths &yo experience a "turn-around* of airf lat .  

Uons downslope drainage f l a w  begins i n  the evening hours after solar 

heating can no longer prevent formation of a colder layer of  a i r  near 

the grocnd. 

local influences of terrain features. I n  +&e southeast portion of the 

Denver metropolitan area drainage flow is fraP southeast Ward north- 

Under these condi- 

This colder more dense a i r  moves dawn-valley w i t h  extremely 

west. 

west. 

M e  lower regions of the PlatteRiverand all tributaries thereto. 

fn the southwest portions of Denver the f lw $8 from the South- 

The net f l o w  of a l l  drainage winds moves air dwn-valley along 

The Racky Flats downslope motion is wpresented by winds fran northwest 

through southwest. Upslope motion a t  Rocky Flats is  represented mostly 

& winds fraa northeast through southeast. 

features surrounding the wind unit a t  Rocky Flats tend to show that 

l ight winds from the north are s t i l l  part of downslope f l a w  towad 

Uasnan Creek, whereas l i g h t  winds from the south are generally a part 

of very localized upslope flm. 

The immediate terrain 

at Denver the dawnslope f l a w  is frcm a southerly direction, generally 

f m  180 degrees through 220 degrees. 

.long Sand Creek near the wind measuring unit a t  the Denver A i r p o r t  

often reflects a drainage flaw fran the southeast. 

iacludes the north to south flov along the lower regions of the Platte 

Hwever, the local drainage 

Upslope flcks 

River Valley in the Denver metropolitan area. X t  also mcludes all 

O f  the winds frcm an easterly caaposlent during the warmer hours of 

-29- 
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tb. day. 

rhcrwn in Fig. 10. 

glow and the -verse type upslope flw is the same as that described 

Four sets of turn-around type days a t  both stations are 

The identification of  hourly periods of drainage 

.bore. It is quite typical that  a period of near calm conditions 

occurs a t  or w r  the turn-around times, whether fran downslope t o  

upslope or from upslope to downslope. 

Ths reversal of airflow on turn-around days generally takes place 

sunwhat earlier a t  ROCICY Flats than a t  Denver. An analysis of 

caaparative minimum temperatures a t  the two stations shawed that Denver 

Aimrt had colder minimum temperatures on 255 mornings out o f  the 366 

days in 1972. 

on moat mornings a t  Rocky Flats than a t  Denver A i r p o r t .  

be a thinner layer o f  cooler stable air t o  be heated before the 

'Lhus, there is a higher surface temperature to start w i t h  

There would 

reversal t o  upslope flow could take place a t  Rocky Flats. The earlier 

of turn-around is confinned by the 24 sets of turn-around perids 

covered i n  Fig. 11. Most turn-arounds occur before 9 a.m. a t  m k y  

Flats, whereas nearly one-half of a l l  the turn-arounds occur  after 

10 a.m. a t  the Denver Airport. 

uound a t  Denver but they are relatively rare. 

tum-around i s  ehown for A p r i l  10 which appears in the upper part of 

Examples can be found of an earlier turn- 

A one hour earlier 

?ig. 11. 

Calm and/or l ight  and variable winds are generally included w i t h i n  the 

harrs cf stable dawnslope flaw but it could be argued t h a t  they also 

am a part of the changing air motion produced by surface heating 

elimLurting the colder layer near the ground. m g e r  delays for t h i n g  

-30- 
11-1-32 



of turn-aroun&c, tend to occur during w i n t e r  maths. Barcntor, thou, 

are also the months when synoptic flow has a higher frequency a t  

Sbcky Plats than at Denver. 

Uaxislum temperatures are typically higher a t  Danver Afrport than a t  

Ibcky Flats. 

8t Denver A i r p o r t .  

During 1972 there were 287 (‘lays w i t h  higher rasxima 
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¶So relative frequency of different trpes of airf lar patteras can bs 

iadicatad by a88ignlng the domJnant airflar pattern vhich prevails for 

..ch day in the year. A suramary of this type documentation for t..e 731 

day8 during the km-year period 1972-73 is sham fn Table I. 

tbur ma-half of the hours in a given day could be classified into aae of! 

th. five repeatable-type categories that day waa gi-3 an appropriate 

*typeL assignment. 

*turn-around' type days a t  both locations. There were slightly higher 

frequencies for both "synoptic" and "turn-artnwl" days a t  Rocky Flats than 

8t  Denver A i r p o r t .  

when the afternoon hours were linked w i t h  synoptic flow z.t Denver as 

caapared w i t h  Rocky Flats. 

patterns has been described above. The special type days of synoptic 

with sane dropout: hours and drainage-type days have a higher frequency 

in the months October through M y  than in the warmer sunmrer months. 

If mora 

The two highest frequencies w e r e  'eynoptfc" and 

However, there was a notably higher number of instances 

Each of these characteristic type airflow 

F 
-36- 
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? E x u h t L a n  of terrain features asd the directions of  a i r  motion during 

the hours when cooler air prevails near the ground indicates a confluence 

of air fraa the Denver metropalitan area w i t h  air fran the R.ocky F l a t s  

area in a broad tone above the Platte River Valley t o  the west and no& 

of Brighton, Colorado. This i s  illustrated in Fig. 12, There would be 

considerable di lut ion of pollutant material from both sources before reaching 

ths confluence arLa. 

After  surface heating has eliminated the cooler layer of air near the 

ground the downslope dxaimge flow of this more dense air ceases. This is 

followed by a relatively brief period of  near calmt or l i g h t  and variable 

wind conditions, which in turn is followed by upslope motion. 

6hows upslope airflow patterns which are typical immediately following the 

tirpa of airflow reversal. 

which have previously w e d  dawnslope d u r h g  prior hours would move upslope 

fxmn meir current position a t  the time of turn-around. 

w i l l  not be a direct reversal of the dawnslope path. 

true of any point source. 

Fig. 13 

Note that a l l  "clouds" or Layers o f  pollutants 

me upslope path 

'Ihis is specially 

Upslope paths are also generally divergent. 

Xh the warmer part of the afternoon hours on a l l  turn-around days some 

mstarly whir3 canpment prevafls along a belt at  least 40 miles eastward 

fma tha mountainous terrain which rises abave 7000 feet. 

\ 

\>. 

i Zhe documentation of *.e airflw patterns related to air pollution in the 
& 

4 8  Denver rpetropolitan area is supported by m*. '.tiple prior studies. 

Wiater of 1%1-62 Riehl and 

In the 
$ 
3 used data fran a network of II w i n d  

-38- 
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Figure 12. 
cmditions in the geographic region fran the south edge of the 
Danver metropolitan area norehward. 

Characteristic domalope airflar &ing STABLE 

-39- - . .* 
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Figure 13, 
inmediately follwing the reversal of airflow on uturn-aroundn 
type h Y S .  

Charactelistic upslope f law patterns which occur 

-40- 
8-1-42 



. 

rr.anuinq units coverlnq 10 detailed epirrodes 02 ralatively dease a i r  

pollution. 

of Colorado State UnS~ersity(~) used continuous wind recorda from 17 w i n d  

measuring units distributed in a pattern thrcughout the Denver metropolitan 

A secard study axpanded by the Abaospheric Sciences Department 

-8 

A description of the "heat island" and cross-sectional dimension o f  

pollution for the Denver area was reported by Crow in a specia: study 

prepared for the Colorado Department of  Public Health in 1964'". 

prblished. 1 

(Not 

Typical d a i l y  airflaw patterns related t o  air pollution are also described 

in "Air Pollution i n  the Denver Area* published by hrblic Service C m p n y  

of Colorado, 1967 . Excerpts of that report are presented in Appendix A. 

The depths o f  the polluted layer as shown therein for 8 and 11 a.m. have 

subsequently been found to be from 200 to 400 feet  deeper. 

(5) 

The most recent documentation of detailed airflow over Denver related to a i r  

pollution was part of the Environmental Protection Agency's "Brawn Cloud" 

etudy in November, 1973(6). 

taken from Rocky Flats to  show typical dimensions of the main bcdy of the 

visible pollution layer in the mnver metropolitan area. 

photographs shawed the polluted layer t o  be several miles t o  the southeast 

Of Rocky Flats.  Two sets of  such photographs are shown fn Figs. 14 and 15. 

The principal time period when some of  the pollution fraa the Denver 

wtrgrolitan area moves over Rocky Flats is durinrJ afternoon hours. 

which in i t ia l ly  moved to the north-northeast fram Denver moves back west- 

wan! toward the muntains. 

During that study period many photographs were 

Wst  of  those 

Material 

These diluted effluents from Denver may join 

i 
I ,  1 



i 

It would also be pcrsriblo undar rare c f r c u n ~ ~ ~ e r r  for air  mort- ganrally 

kr t?m downslope mode to havo confluence w i t h  pollution frcm the Denver 

metropolitan area over tho ~lat te  River Valley sevexal miles north- 

northeast of Denver w i t h  subsequent return of that air moving back over 

Dower from the north-northeast. 

-42- 
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Cloud cwar and high plum r i m  
f r a  both cooliaq m e r 8  and 
stack8 a t  Cherokee Power P l a n t  
a8 seen fran Rocky Flat. three 
hours after end of  snowstorat 

lour-hour buildup of  air 
p o l l u t i a a  over Denvet a8 seen 
fm Wky F1at.r 
1230, Xw. 20 
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A i r  poliutim layer war 
Denver as men fmr Rocky 
?l.t, 
1400, JoV. 29, 1973. 

s w  scene: 
1600, Hov. 29 

s.# scene, follcwicg -1 

1530. El@!. 30. 

r&qurrn 15. - ~ c r r h g  progressive developant and changes fa depth rrd 
dbonsia, of pollutiar layer during afternam hour. of Uov. 29, plua m e  v i r  of t b  
p o l l u t i o a  hyar in rid-afternom m Nov. 30, 1973. 

hro photogtapha 
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AIR WLUlTION CYCIT, (NER DENVER METFKPOZITAN A m  

Yotatiorm kr the Reunarks Column of the hourly obsenrations made a t  the 

m e r  A i r p o r t  include reference t o  the location of where smoke i s  

d38erve4. An analysis o f  Me entire 8760 hours of 1972 resulted in Me 

namc~zy ptepared in Table 11. The highest frequency of  smoke observations 

occurs between 8 a.m. and =on w i t h  the quadrant o f  direction west through 

north being the most frequent. 

nearly an equal frequency in t h i  early forenoon hours and late afternoon. 

The remark of “‘smokn over the city” has 

The appropriate direction for a “smoke w e r  the city”  observation would be 

to the west of the observer. 

When smoke is  reported for a l l  quadrants it would mehi there is sane 

pollution to the east and south of the Denver Airport. Such observations 

would directly relate t o  those instances when the air motion has reversed 

rad is  moving polluted a i r  back fran the north over the northeastern part 

of the city.  

16 percent of all obsenrations during 1972. 

for obsenters t o  l ist  spoke in the &marks Column. 

b very far fram exact or  totally inclusive. 

that Denver A i r p o r t  has more hours when the airport is t o  the south or 

6ast o f  smoke or 8 layer of visible pollution than any other direction. 

The total  frequency of  remarks regarding smoke accounted fbr 

There i s  no exact requirement 

Therefore, this s t a t i s t i c  

It does, however, prove 

, 
1 

Pig. 16 presents a cross-section preyared as a part of the special study 

of November, 1973. Multiple polAution episodes were used t o  develop the 

b i g h t  and dimension cf the polluted layer. 

The nearly repatable pattern of pollution aver Denver on episode days of 

#ooraPber, 1973, i n  illustrated in the croslr-section diagrm o f  Fig. 16. 
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PAqum 16. 
ktvsen 0800 am? 1500 am days *hen temperature inversAons are noc eliminated and when 
the polluted layer which €onus near tSe dovntoun area spreads aouthwm an4 away f r a  
i t s  original hcation CyAr the north d 3 e  of hnvcr. 

Yypfcal WMI-ESE pyofile of  p o l l u t i o n  layer depths wer wtmplitan Dcnver 
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lh is  cross-section has been prepared to shaw the vertical  profile  of terrain 

and the p;llution layer a t  various hours of the day as it is  typically 

observed. 

nata8 fran the mountainous area t o  t l e  west-northwest of the Rocky Flats 

Plant south-eastward t o  Buckley ANGB. 

River about three miles northeast o f  the dawntown City of Denver and passes 

through Stapleton Airport. Miltiple photographs, taken durhg the special 

study period of November, 1933, and during other p e r i d s  studied by this 

author, support the approxhate elevations of the polluted layer tops as 

The profile, which is greatly distorted in the vertical  scale, 

This profile  crosses the Platte 

shown in the cross-section for the hours from OaOO through 1500. 

depths of the polluted layer should be considered typical of days in which 

the temperature inversion i s  E broken. 

bps of the polluted layer may be sl ightly  higher. 

These 

In the sununer months the respective 

The ground level  for most downtown buildings is  approximately 5200 feet 

above mean sea level. 

feet  above ground level. 

the runway elevation for Denver Airport, which i s  5331 feet.  Tho oleva- 

tian of the polluted layer tops is shown as W e  ground level  a t  Denver 

Airport since the surface temperatures used to help derive the elevation 

tmps are those measured hourly a t  the airport. 

the 0503 rawinsonde a t  Denver have been used t o  support the findings 

rhown in Fig. 16. 

The higher buildings extend slightly more #an 400 

Thus, they extend approxiiiately 270 feet  above 

Temperature profiles fram 

The most frequent pattern of spreading for the pollution layer from noon 

through 1500 i s  t o  the south and/or west of the dewntawn area. This i s  

aided by upslope motion above the higher terrain located i n  that direction 
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from the c i t y ,  

snd Green Mountain a i l  extend above 6000 feet  MSL, 

relatively flat protrusions the layer of s W l e  air in early morning hours 

irS very t h i n ,  

eliminate the stable a i r  layer. 

is well mixed vertically,  

pattern is produce& 

may move back toward the east above the temperature inversion aver the 

valley. 

temperature inversion has been eliminated induces a movement of a i r  caning 

first southward and "hen westward from the downtown area of Denver. 

Before it reaches the mountainous terrain, vertical  m i x i n g  often has 

destroyed the temperature inversion and the upper edge of the polluted 

layer becanes quite diffuse. 

For instance, North Table Mountain, South Table Mauntain, 

A t  the tops o f  these 

Thus, a s m a l l  amount of surface heating i s  required to 

The stable layer is replaced by air  which 

In sane instances a chimney-like a i r f l z  

A i r  which is heated and r ises  above the low foothill3 

This upward motion o f  a i r  above the higher terrain where the 

1 

*- - _. 

*he frequency with which the western edse of polluted layer reaches Rock: 

Flats is less than one-third of the days when relatively dense poilution 

can be noted in the dawntown area of Denver. 

instances when the pollcted layer envlopes Bucklcy ANCB. 

Likewise, there are very few 

. 

-49- 
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The occurrence of very strong winds a t  the Rocky F l a t s  location is 

rapeatable for m y  hours year after year, 

of allhours 

Zn this instance the wind spee'ds which are reported in h o t s  at  Denver 

wbns adjusted t o  miles per hour to be directly canparable to the data a t  

I6ocky Flats. 

sight directions used a t  IlDcky Flats. 

A special study has been made 

>/ 10 mph a t  both Denver and Rocky Flats for the year 1973. 

Also, the Denver A i r p o r t  data were grouped into the same 

The results of this summary appear 

>, 20 mph Table 111, This shows a tota l  of 329 hours when winds were 

a t  Denver A i r p o r t .  There were 522 hcurs of such high winds a t  Rocky Flats. 

A t  Denver Airport the highest octant o f  direction is from the north w i t h  

the second highest from northwest. A t  Rocky Flats  the highest octant is  

fnrn the west w i t h  246 hours and the second highest is  northwest w i t h  168 

brwrs. 

the peak direction frcan the north a t  Demer. 

Both of these direction frequencies a t  Rocky Flats are higher than 

When wind speeds are 

for several miles. 

The heavier particles would f a l l  back to earth w i t h i n  distances of a few 

hmdred f e e t  to a few miles as permitted by the variations i n  the associated 

gustiness of the winds. 

>, 30 m p h  s o i l  particles can be picked up and moved 

Lighter particles could move for hwdreds of  miles. 

l!!m time of day for strong wind occurrences is not the same a t  the two 

locations. 

Hg. 17, 

general Lev81 near 20 instances for each hour. 

The respactive frequencies by hour of the day are shown i n  

There i s  a minor aftexnoon peak shown a t  mcky Flats above the 

The higher number of 
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lxBfe 111. 
20 WPH W I T H I N  EIGHT OCl'ANTS C.?? W I N D  DIRECTION FOR W DENVER AIRPORT 
AFlD FLATS, BASED ON 1973 DATA. 

FREQLENCY OB HOURS OF W I N D S  EQCrZlL TO OR G m T E R  THAN 

xrath 

Jan. 
Fsb. 
ILar. 
Apr . 
MY 
June 
a1Y 
Aug. 
Sept. 
Oct. 
Nov. 
Dec. 

Totals 

- 

- 

Jan. 
Feb. 
Mar. 
Apr . 
-Y 
June 
July 
Aug . 
Sept . 
Oct. -. 
Dec. 

Totals 

L N E  E - - -  
24 1 

20 7 1 
14 1 
2 1  
1 
6 

8 6 
9 
4 1 

40 1 

1 

- - -  
147 17 2 

7 

8 3 
5 

10 

2 5 
4 
2 4 
1 1 
20 

59 8 5 

- - -  

s s #  SE 
DENVER AIRPORT 

- - -  

2 5 
4 5 

3 4 
1 10 
1 11 2 

5 3 
1 2 

4 - - -  
7 44 12 

Wp;Y FtATS 

1 

1 
10 

1 8 

2 
1 2 

10 

1 9 26 

- - -  

W W  - -  

8 
5 6 
3 3 
2 3 
4 
1 
1 6 
4 20 
13 2 
5 14 

38 62 

- -  

27 22 
2 2 
2 15 
16 18 
14 3 
27 6 
5 2 
19 1 
10 3 
25 19 
34 28 
65 4 9  

246 168 

- -  

Totals 

25 
0 

43 
35 
27 
13 
21 
16 
29 
36 
20 
64 

329 

- 

- 

56 
5 
28 
39 
28 
43 

7 
36 
17 
52 
67 

144 

522 

- 
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RCXXY FLATS 522 hrs. 

A DENVER Ap 328 hrs. 

l l l 1 l l l l l l l ' ~ ~ l i l l i l l ~ ~  
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2. 

.. -1. 
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i 

T'iguro 17. 
Rocky Flats and Denver A i r p o r t  during 1973. 

Ccmparative hourly frequency of wind speeds 2 2 0  mph a t  

4 2 -  
11-1-51 



S8 rehated to the higher frequency of *synoptic" type airflaw. 

A t  Denver A i r p o r t  there are 10 hours or less per year with winds 2 20 mph 

betwssn 2200 through 0900. By contrast there are more than 25 hours equal 

to or greater than 20 mph fmm 1300 through 1700. 

wind speeds a t  Denver Ai rpor t  occur during summer thunderstorms which 

Several of the higher 

have a higher frequency a t  Denver than a t  Rocky Flats. 

-53- 
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P l t E m  IN STABILITY CATEGORIES 

r .  
cr- 

onefl  such time a8 temperature prof i le  measurements and wind gradient 

drt. through the lower 200 feet become available from the meteorological 

-Or planned a t  Rocky €'Uta, estimates of stability conditions can be 

rude UsillQ (1) time of day, (2) w i n d  speed and direction,  and (3) rela- 

+loarrhfpa W i t h  btmin stability sequences in the Denver metropolitan 

m a .  

.irf low characterist ics .  

The @stbates which are made in this report are  baaed on such 

A canpilation showing wind distribution by Pasquill s t a b i l i t y  classes 

u8h9 the STAR Program originally designed by rneteorolbcists working f o r  

the Environmental Protection Agency 

record a t  Denver Airport. 

directions and six stability categories. 

estimation in the analysis reported herein, only three categories were 

u8ed for stability - STABLE, NEUTRAL and UNSTABLE. 

vhd records a t  Denver Airport were consolidated t o  16 values and the eight 

directions h i t i a l l y  available a t  Rocky Flats  were expanded to  cover 16 

dfrectfona. 

developed fran hourly wind and temperature records. 

has been obtained tor  a five year 

This compilation appears i n  arrays of 16 wind 

For purposes of preliminary 

The 36 directions of 

The frequencies of winds i n  each stability group were 

Tables nt an9 V show the es thated  d i s t r i b u t i m  o f  winds w i t h i n  each 

atability class a t  Denver and Rocky Flats. It i s  recamended that  these 

data be used j o in t ly  i n  determining long term depositions of any effluent 

confng fruu Rocky Flats. 

An each of the three categories i s  presented in Figure 18, 

The graphical presentation of the percentages 

I _ .  
\ 
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8t  Denver Mrport and Rocky Plats. 

EstLPatea of annual frequency of w i n d  4i.recticm under STABIE candftion8 
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War STABLE conditions there is a notable difference in airflow between 

m v e r  Airport and Rocky Flats. 

r$rflw frum south-southwest a t  Denver. 

direction under STABLE conditions a t  mky Flats carries a broad level  of 

nearly equal frequency fraa southwest through n o m e s t .  

the STABLE a i r  temperature 

Platte River Valley near the north end of Denver is colder during the 

lpornhg hours than a t  Rocky Flats. 

movhg past Rocky Flats would establish its wn equivalerit level  of 

buoyancy and move 

colder a i r  near the surface i n  the Denver metropolitan atea, 

instances NZUTRAL stabil i ty  conditions w i t h  corresponding rzpid dispersal 

of effluents w i l l  prevail a t  Rocky Flats while colder STAB= a i r  and i t s  

collected bu&+en of pollutants riL1 remain neaz the ground to the north of 

Denver. 

effluents from Rocky Flats into the STABLE a i r  below. 

Them is a prominent peak frequency of 

By contrast, the range of w i n d  

- 
In most instances 

near the ground above the l w e r  podons of  the 

STABLE but relatively warmer air 

toward the Platte River a t  a higher elevation than the 

In ot'ler 

Under such circunlstances there would be no mixing dounvard of 

M e r  NEVTRAL and LMSTABLE conditions the frequency d i s t r A u t i m  of direct- 

fens is  somewhat similar a t  both locaticas. 

greater frequency of' UNSTABLE a i r  motion ranging from the noMeast  through 

south-so?ttheast directions. 

-- 
However, R o c k y  Flats has a 

The relatively low frequency of TlNSTASLE 

conditions 

deposition 

ailas  fraa 

Correction 

w i t h  correspondag rapid vertical  mixing should lfmit any surface 

of material emanatirq fran Rocky Flats  t o  the f i t s t  one to three 

the source toward higher ground t o  the west of the plant. 

and improvement in these seta of  esUaated data should be 

expected when more reliable s t a b i l i t y  data hceare available. 

-59- 
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APPENDIX A 

Duplication of material presentad i n  the booklet 

a.Ur Pollution in the Denver Area” 

by public Service Company of Colorado as an inifinnation 

booklet w i t h  text and diagram material furnished by 

consulting meteorologist, Loren W .  Crou. 

published in 1967 
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All daytime employees in the Denver Metropol;- 
tan area havo many opportunities io observe 
some visible portion of this ccmmunity's air pol- 
lution as they drive to work. At that time of day 
the most dense portion is located near and 
slightly no.-th of the center of the city. 

Most of the air pollution visible at 8:OO a.m. 
mcved very slowly "down-slope'' from other 
higher parts of the urban area during the hours 
of darkness. Some of this pollution may have 
been generated the previous day while the air 
motion was "up slope" from the valley floor to- 
ward higher ground. During the night i l  returned 
to its favorite early morning collection basin. 

Each forenoon :he supply of new pollution in- 
creases, and the temperatures near the ground 
become warmer. When wind velocities remain 
m a r  calm, the layer of dense air pollution grows 
in both vertical and horizontal dimension. By 
11 -90 a.m. the layer may cover nearly half the 
urban area to a depth of 500 to 600 feet. This 
8ma is still closely related to low devstions dong 
the Platre River cmd Clear Creek valleys. 
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During weather periods which permit near calm 
winds and heavy burdens of air polhtion the air 
flow over Denver is largely control1P.J by its sur- 
roundit,g terrain. Surface cooling at night estab- 
fishes down-slope motion toward Adams City. 
During the warmer part of the day a reversal 
takes place and the air motion IS primarily from 
the lower parts of the city toward higher areas. 
Flags which indicated winds from the south- 
southwest at 6:OO a.m. will show that the air is 
moving from the north-northeast at 2:OO p.m. 

This "back and forth" reversal of air flow tends 
to permit a passage of the same polluted air more 
than once across the Denver Metropolitan area. 

By late afternoon the top of the polluted layer 
may be 1,060 to 1.200 feet above the valley floor 
and the outer edges may now have moved be- 
yond the south, east, and western boundaries of 
the built-up urban area. The amount of pollution 
pet unit volume is low at this time of day because 
it has been mixed with so much additional air. 

The dense pollution of early forenoon is cor- 
Wined in only three to five cubic miles of air by 
late afternoon a somewhat heavier burden of 
pollution is mixed into 20 to40 cubic miles of air. 

1-1-66 
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APPENDIX B-2 

DIFFUSION ESTIHATES 

Estimates of site dispersion parameters for the Rocky Flats Plant have been made 
from site meteorological data as presented in Section 2.3.6 ;f this Staterent. 
attempt has been made to modify calculated values by possible terrain effects or 
macro-meteorological effects at long distances from the site because quantification 
of such effects is extremely mcertain and is not significant within the accuracy of 
this type of calculation. 

NO 

The discvssion th-' follows presents the methodology, assumptions, and results 
of the diffusion estimates. Additional information relating to site-specific meteor- 
ology is contained in Appendix B-1 and in Section 2.3.6 of this Environmental Impact 
Statement. 

Short-Tern (or Instantaneous) Relative Concentrations (x/Q) 

The relative concentration of pollutants (x/Q) (from a unit concentration re- 
lease) downwind from an emitting source can be computed from the Gaussian form of 
solution to the diffusion equations. The symbol, x, represents the concentration 
(usually in microcuries per cubic meter) and Q represents the source emission rate 
(usually in microcuries per second). The Gaussian distribution yields a peak value 
along the centerline of the emitted plume with the values falling off exponentially 
in both directions normal to the wind direction. 
at ground level is given by 

The plume centerline concentration 

(derived from Slade, 19681, where hs is the stack height above terrain at the point 
of release, h is the plume rise, h is the height of the downwind terrain above the 
stack Ease, u is the m a n  wind speed between plume and ground, and o and az are the 
Gaussian distribution parameters (plume standard devisLions) in the horizontal and 
vertical directions normal to the mean wind direction. and ut are 
functions of downwind distance from the source so that the above dispersion equation 
is implicitly a function of downwind distance. The values of o 
by the method of HcHullen (HcHullen, 1975). 

,P g 
Y 

The parameters a 7 
and at are obtained Y 

According to this method, 

B-2-1 
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where 0 i8 the rtaadard deviation of the concentration in the horftontal (a 1 or i n  
tbt vertical (uz) directions in units of meters; In x is the natural log of the 
downwind distance exprellsed in kilometers; and I, 3, and K are empirical constants 
for given rt8bflity condition, for each type of a. 

Y 

Value8 of X ,  J, and K are given in Tables 8-2-1 and B-2-2 for a and u t ,  res- P pcctively. The method o f  UeUullen avoids the variability which can be expected from 
rima1 reading8 of the Pasquill curves and is used to obtain o values in this impact 
8tbtatnt. 

Table 0-2-1 

for 0 ,  a8 a function of downwind distance. 
Valuts o f  the Constants I, J, and K ,  

fo& six Pasquill Stability Classes 

Stability 
Class I J K - 

A 5.357 0 .  a828 -0.0076 
B 5.058 0.9024 -0.0096 
C 4.651 0.9181 -0.0076 
D 4 .  z3a 0.9222 -0.0087 
E 3.922 0.9222 -0.0064 

-0.0070 F 3.533 0.9181 

Trble B-2-2 
Values of the Constants I, J, end K ,  

ftjr six Pasquill Stability Classes 
for Q as a function of downwind distance, 

Stability 
Clase J K - I - -- 

A 6.095 2.1097 0.2770 
B 4.694 1.0629 0.0136 
C 4.110 0.9201 -0.0020 
D 3.414 0.7371 -0,0316 
E 3.057 0.6794 -0.0450 
F 2 621 0.6564 -0.0540 

If the mean wind speed and stability condition during any time period ere known, 
the wtim average relative concentration during that time period for any distance 
damwind from the source may be calculated. 

B-2-2 
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For the evaluation of short-term release of airborne effluent from the  ROC^ 
Flats Plant, the follouing conservative assumptions were sade: 

1. 
2. 

3. 
4. Plume-centerlinc, relative concentrations are determined. 

Ground-level release from a point source (hs = 0, hp = 0 ) .  
No depletion of the airborne effluent by washout, settling, or surface 
deposition. 
No significant terrain changes near the Plant site (hp 0 )  

5. 

6. 
7 .  

AVCragC diffusion cnnditions, Pasquill Category E, wind speed of 3.0 meters 
per second. 
No credit for building wake dilution. 
Relative concentrations weighted by'the Prequency of wind in each sector. 

The rcsglting equation for relative concentration is 

Table 8-2-3 gives the calculated, short-term relative concentrat-ms as a func- 

Table B-2-4 gives relative concentrations as a 
tion of distance, unveighted by sector frequencies. 
3.52 x 
function of distance, weighted by the frequency with which the wind blows from each 
direction. 
airborne radioactive effluents from accidental Plant releases. 

The maximum site-boundary x/Q is 
seconds per cubic meter. 

These relative concentrations are used to determine the dispersion of 

TABLE 8-2-3 

CALCUUTED SHORT-TERM RELATIVE! 
CONCENTRATIONS (x/Q) 
(Pasquill E ,  3.0 m/sec) 

x/o (sec/n 3 )  Distance (miles) 

1.2 
2.0 
3.0 
4.0 
5.0 

10.0 
20.0 
30.0 

- 40.0 

3.52E-5* 
1.63E-5 
9.021-6 
5.98s-6 
4.38E-6 
1 72E-6 
7 .O6E-7 
4.303-7 
3.063-7 

; :- 

*3.52E-S = 3.52 x 10" . "  
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TABU 9-24 
C.ucuu'zED SH9RT-m RELATIVE CONCEN"WT1ONS (x/Q, sec/m 1 

3 

(Scctor Frqueacy Weighted) (Pasquill E, 3.0 =/see) 

wad Average 

ElcMrcc Affqcted h u r l  2 3 I 5 IO 20 30 40 
Jmctor) Sector 

I S 

rn SSW 

Mi sw 
Me WW 
E W 

ESE VNW 
SE m 
ssa m 

S R 
ssw "E 
si4 NE 

wm ENE 
W E 
HN ESE 

Rw SE 
WRW SSE 

FrcQueocy ailer oiler iiltr ailcs riles ailcs miles riles 

0.066 
0.060 
0.065 
0.034 
0.019 
0.030 
O.OS6 
0.039 
0.028 
0.029 
0.069 
0.083 
0.107 

0.131 
0.102 
0.081 

- 
1 A00 

1.63E-5* 9.0s-6 
I . o ~ E - ~  5.958-7 
9.78E-7 5.41E-1 
1.06E-6 5.86E-7 
5.561-7 3.01E-7 
3.18E-1 1.76E-7 
4.978-7 2.W-7 
9.13E-7 5.05E-7 
6.36E-1 3.521-7 
4 361-7 2 .52E-7 
4.738-7 2.6lE-1 
I .  12E-6 6.22B-1 
1.358-6 1.48E-1 
1.741-6 9.65E-1 
2. i4E-6 I. 18E-6 
1.66E-6 9.20E- 1 

I .32E-6 7.3OE-7 

5.98E-6 4.388-6 l.72E-6 1.C6E-7 
3.951-7 2.89E-1 l.13E-7 4.66E-8 
3.59E-1 2.63E-7 1.03E-7 4.24E-8 
3.89E-1 2.85B-7 l.12E-7 0.598-8 
2.03B-7 1.491-7 5.831-8 2.40E-8 
I . I ~ E - ~  8.54~-8 3.35~-8 1.38~-8 
1.8213-7 1.34E-7 5.23E-8 2.15E-8 
3.351-7 2.45E-7 9.61E-8 3.9613-8 
z.33~-7 1.71~7 6.69~-8 2.76~-a 
1.6823-7 1.23~-7 4.8o~-a 1 . m - a  

4.m-7 3.02~-7 i.18~-7 4.m-a 
1.14€3-1 1.27E-1 4.988-8 2.05E-8 

4.971-7 3.63E-1 1.42E-7 5.86E-8 
6.40E-1 4.69E-7 1.84E-7 7.56E-8 
7.846-7 5 . m - 7  2.25E-7 9.25E-8 
6.10E-7 4.47E-7 1.758-7 7.21E-8 
4.85~-7 3.55~-7 1.39rc-7 s.n~-a 

4.301-7 3.06E-1 
2.84E-8 2.O2E-C 
2.581-8 1'. 838-8 
2.80~-a 1.993-8 
1.46E-8 I .04E-8 
8.39B-9 5.961-9 
1.31E-8 9.32E-9 
2.41~-a 1.71~-8 
1.688-8 1.19E-8 
1.205-8 8.568-9 
1.251-8 8.86~-9 

3.57~-8 2 . ~ ~ 8  
2.9lE-3 2.11E-8 

4.60E-8 3.2lE-8 
5.63E-8 4.00E-8 
G . ~ P E - ~  3.12~-a 
3.48~-8 2.4a~-8 

me numbers i n  this horizontal row are multiplied by the frequency to obtain x/Q. 
S 

1.633-5 = 1.63 x 10- 
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Annual Average Relative Concentrations (x/Q1 

For annlrol average concentrations, a sector-averaged f o m  o f  the diffusion 
equation is used. 
dispersion term). 
2.032/0,&, where x f.s the downwind distance in meters (Slade, 1968). 

Averaging over a 22.5-degree sector eliminates the o Y (horizontal 
The coefficient preceding the exponential term ts  replaced by 

For the evaluation o f  annual average releases of airborne effluents from the 
Rocky Huts Plant, the following conservative assumptions were made: 

1. 
2. 

3. 
4. 

5. 

Ground level release from a point scurce (hs = 0, hp = 0 ) .  
No depletion o f  the airborne effluent due to washort, settling, or surface 
deposition. 
No significant terrain changes near the Plant site (h 
Wind direction averaged across individual sector for frequency o f  time wind 
2s in that sector. 
Values o f  x/Q, calculated for each stability class, are combined as a 
weighted overage, based on the frequency distribution of stability classes 
for each scctor as determined from site data (Teble 2.4-11 of Section 
2.4.3). 
No credit for building wake dilution. 
Relative concentrations weighted by the frequency the wind blow3 in each 
direction. 

= 0 ) .  

6. 
1. 

The resulting equation for relative concentration is 

Table B-2-5 gives the calculated annual average concentrations as a,functiOn of 
distance, weighted by the frequency that the wind blows from that direction, and 
frequency of each stability class. The maximum sector x/Q is 5.04 x 10'' seconds per 
cubic meter in the east-southeast sector (west-northwest wind source) at two miles. 
These relative concentrations are used to determine the dispersion of airborne radio- 
active effluents from routine Plant releases. 

1 
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TABLE B-2-5 a 
CAtcUuRD AwliuhL AvERAlg REIATIM CONCENTRATIORS (UQ, see/. ) 

(Averaged Over Wind Direction and Pluw Stability Class) 

UiDd Average 
* Source Affected h u l  . 3 4 3 10 20 30 40 

Jsectcr) Sector Frequency miles miles miles rilca =ilea ailes rile8 miles 

0.066 
0.060 
0.065 
0.036 
0.019 
0.030 
0.056 
0.039 
0.028 
0.029 
0.069 
0.083 
0.107 
0.131 
0.102 
0.081 

- 
1. .Ooo 

*1.473-7 = 1.47 x lo-' 

1 -67E-P 7.65E-8 
1 .073-7 5 S3E-8 
9.52E-8 4.85E-9 
5.643-8 2.85E-8 
2.6lE-8 1.30E-8 
3.33E-8 1.65E-8 
8.46E-8 4.29E-8 
7.99E-8 4.133-8 
7.63E-8 3.88E-8 
7.1513-8 3.153-8 
3.258-1 1.743-1 

3.871-7 2.07E-1 
4.25E-7 2.271-7 
5.043-7 2.693-7 
3.772-7 2.01E-7 
2.51E-7 . .36E-7 

4.86E-8 3.46E-8 1.2OE-8 4.40E-9 2.491-9 1.68E-9 
3.49E-8 2.45E-8 8.39E-9 2.991-9 1.66E-9 1.11E-9 
3.03E-8 2.1s-8 7.08E-9 2.46E-9 1.35E-9 8.91E-10 
1.78E-8 1.23E-8 4.07B-9 l.4OE-9 7.58E-10 4.96E-10 
8.048-9 5.5SE-9 1.80E-9 6.07E-10 3.28E-10 2.13E-10 
1.01E-8 6.98E-9 2.23E-9 7.463-10 4.00E-10 2.593-10 
2.68E-8 1.86E-8 6.193-9 2.14E-9 1.17E-9 7.69E-10 
2.61E-8 1.84E-8 6.358-9 2.303-9 1.29E-9 8.71E-10 
2.67E-8 1.152-8 6.12E-9 2.25E-9 1.28E-9 8.638-30 
2.39E-8 1.70E-8 6.02E-9 2.24E-9 1.28E-9 8.71E-10 
1-13L-7 8.12F.-8 3.00E-8 1.17E-8 O ,881-9 4.193-9 
1.34E-7 9.67E-8 3.563-8 1.40E-8 8.248-9 5.731-9 
1.47E-7 1.06E-7 3.89E-8 1.51E-8 8.81E-9 6.143-9 
1.71E-7 1.2%-7 4.5%-8 1.17E-S 1.03E-8 7.171-9 
1.3OE-7 9-293-8 3.40€-8 1.31E-8 7.64E-9 5.29E-9 
8.751-8 6.251-8 2.26E-8 8.62E-9 5.00E-9 3.44E-9 

RffEKwceS 

Hclhrllen, R. u. %e Change of Concentration Scandard Deviations with Distance." Journal of the 
A i r  Pollutioa Control Association, Vol .  25, No. 10, p. 1051, October, 1975. 

Slrde, D. E. Ikteorology acd Atcmic Energy, 1968. 
Zecbricrl Xafo-tioa. July, 1968. 

U.S. Atoaic Energy Corission, Division o f  
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ASD- 76- 001 
6 January 1976 

TECHNICAL MEMORANDUM 

Subject: Summary of Non-nuclear Remote Sensing at the Rocky Flats 
Site and Status of Analysis of Geological and Hydrological 
Indicators - July 1975 through December 1975 

By: J. G. Lackey. E. Bruce Jones*, and H. A. Wollenberg** 

1. GENERAL CONSIDERATIONS 

1.1 Overview of the F’rogram 

and associated personnel were engaged in an ongoing program to do non- 
nuclear remote sensing of the ERDA Rocky Flats Site. This program is 
carried out with the cooperation and support of Rocky Flats personnel. 
Appropriate ground truth data to support and calibrate the remotely sensed 
data were also acquired during t h i s  interval. 

Division of Operational Safety (DOS) of the Energy Research and Development 
Administration (ERDA) in carrying out its responsibilities. 
responsibility to ensure that all ERDA programs and operations are conducted 
in a manner that will protect the public, ensure occupational safety and health, 
and preserve tee environment in accordance with nationally accepted norms. 

siderable catalog of remotely sensed data in  the fwrn of photographic and 
thermal infrared imagery. EG&G and associated personnel subsequently 
interpreted some possible geological and hydrological features of the site 
which were visually discernible on the photograph and infrared imagery. 

Field inve8tiga:ion wa3 carried out in cooperation with Rocky Flat8 
personnel and personnel from the U. S. Geological Survey office in Denver for 
the purpcse of verifying the geological and hydrological features and planning 
additional investigations necess3ry to resolve uccertainties by physical meas- 
ur emen t . 

During the interval of July 1975 through December 1975, EG&G 

This program was carried out for the purpose of assisting the 

DOS has the 

e 

During this period of activity, EG&G personnel acquired a con- 

- 
*E. Bruce Jon&. M. W. Bittinger & Associates. is retained as a consultant 
to EC&G. 
**H. A. Wollenberg. Lawrence Berkeley Laboratory. is retained as a consultant 
to EC&G. 
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A geological element of primary interest was the pc- ,sible 
existence of a fault OT shear zone on or near the site. The remotely 
eensed imagery 18 compatible with the Interpretation that a fault or sheai- 
zone crossing the Rocky Flats Site may exist. Certain geological features 
visually observable on the ground are also compatible with *.is possibility. 
Tn test this hypotheses, the Colorado School of Mines was engaged to conduct 
.seismic reflection scrvcys. These studies (Davis.10 and 29 December 1975) 
indicare little likelihood of appreciable vertical dislocz tion of lineaments in  
the eastern portion of the site. 

The primary elements of hydrologic interest were seeps, springs, 
and general water-balance information for the immediate plant site and sur- 
rounding area. Various seepc and springs were noted on photographic and 
thermal infrared imagery along the three basic drainages flowirg through the 
plant site. It appears Llat there is some concentration of springs and seeps 
in tke vicinity of the plant. With the presently available information, it iS 
impossible to dctermine whet5er or not this apparent concer?tration occurs 
naturally 02 was induced by %,e construztion and oper;rion of the plant. 

1.2  Gcals - 
The short term goals of the non-zwclear remote sensing program 

are summarized: 

A. Provide remotely sensed data to documert current status of 
the site and facilitate studies of future changes as they occur. 

R. Supplement currently available data about the hydroluqical, 
geological, and ecological environmcnt where appropriate 
by remote sensin:. 

The long term goals of the non-nuclear remote sensing pr :gram 
can be summarized as follows: 

A. Define a long term data acquisition and presentatim scheme. 

.* i 
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B. 

C. 

Carry on repetitive data acquisition and presentation a8 
appropriate. 

Provide a d y s i s  and interpretation oi data when requested 
to do so. 

1.3  Reporting Procedure 

1.3.1 Intarim Outputs of the Ongoing Program 

The non-nuclear remote sensing activities carried out Lt the Rocky 
Flats Site during the interval July 1975 through rjecember 1975 w e  part  of an 
ongoing program to support the DOd mission. Because they are part of a con- 
tinuing program, the information presented here is limited to the following: 

A. A description of ttte data bcquisiticm plans and activities 
that produced all available imagery and data. 

E. A description of the findings'of the program to date 
relative to hydrological and geological indications. 

C.  A description of the field investigation performed to 
verify the interpretaticns and results of the investigation. 

D. Interim recommendaticm for additional investigations 
necessary to re,oolve uncertainties identified to date. 

1.3.2 The Plan for Final Reports 

The time scale invclved has precluded the generation of a formal 
report presenting the extensive remotely sensed data acquired during this 
interval. However, it is anticipated that the data wi l l  have a continuing 
usefulness in analyzing geological. hydrological, and ecological aspects of 
,the Rocky Flats Site. Therefore, a formal report as referenced below will 
be issued and distributed, 

EGG- 1 18 3- 1680 
Catalog of Remote Sensing and Ground Truth Data 
for the ERDA  Rocky Flats Site 

hy J. G. Lackey and R. A. Meibatlm 
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Likewise, a report summarizing the current activities to interpret 
and verify some of the hydrological and geological features of the Rocky Flats 
Site wil l  be issued. The report is referenced as follows: 

EGG-1183-1679 
Non-nuclear Remote Sensing and Analysis of Geological 
and Hydrological Indicators at the ERDA Rocky Flats Site 

by J. G. Lackey, E. Bruce Jones. and H. A. Wollenberg 

1.4 Description of the Rocky Flats Site 

I. 4 . 1  Location 

The Rocky Flats Pltuit is located on a hi& plateau near the eastern 
foothills of the Rocky Mounts. It covers about 10 square miles (more than 
6,500 acres) near the north boundary of Jefferson County. 

The plant is about 16 miles northwest of downtown Denyer, situated 
almost equidistant and within 12 miles 06 Boulder, Golden and Arvada. Other 
nearby popuiation centers include Broomfield, Louisville, and Lafayette. 

The west edge of the facility is paralleled by Colorado Highway 93 
which intersects Colorado Highway 72 about one mile south of the plant's west 
entrance. Indiana Avenue parallels the plant's east boundary and provides an 
east access to the facility. 

1.4.2 Mission 

Most of the work is directly related to national defense. The northern half of 
the plant is involved in processing plutonium and in general waste treatment. 
The  southern half houses uranium, beryllium, and stainless steel component 
fabrication ocerations. 

The plant is a key facility for the production of nuclear components. 

2. ;{EMOTE SENSING PLANS AND ACTIVITIES 

The principle features of the short term remote sensing plan were 
deicrrzisid after discussions with Rocky Flats personnel and after making an 
on-site ground inspection reconnaissance. The main elements of the plan 
consisted of the following: 
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A. Conventional aerial photography 

B. F o u r - c a m e r a  s y s t e m  photography 

C. I n f r a r e d  t h e r m a l  mapping 

D. Ground truth operations 

It was concluded that if the o v e r a l l  plan for r e m o t e  sens ing  w e r e  
c a r r i e d  out. it would al low the following data t o  be m a d e  available:  

A. Detailed up- to-date a e r i a l  map. 

B, Identification and c l a s s i f i c a t i o n  of s e e p s  and wet areas. 

C. Data for u s e  in  mul t i spec t ra l  data reduction a logr i th ims  
for c l a s s i f y i n g  ecology and land use.  

D. High quality i m a g e s  of all types to provide b a s e l i n e  informarion. 

E. Ground truth to support the above. 

2.1 Conventiorial A e r i a l  Photography P l a n s  and Operat ions  

the area: 
Rocky F l a t s  personnel  reques ted  color aerial photography covering 

North through Boulder 
South to Golden 
'West to Continental Divide 
East to  1-25 

In support  of th i s  requirement ,  two aircraft photographic m i s s i o n s  

T h e  
w e r e  flowm on 15 August 1975 a t  an altitude of 18.000 ft and 7.000 f t  above terra in .  
An additional m i s s i o n  w a s  flown on 6 October  a t  19.000 ft above terra in .  
t h r e e  m i s s i o n s  w e r e  flown in  a B e e c h c r a f t  A - 1 0 0  a i r c r a f t  us ing  a Wild RC-8 aerial 
camera and color negative film. 
producing photographs with scales of 1:36.000, 1:14.000, and 1:38.000. respectively.  

2.2  Mutt i spec t ra l  ( F o u r - C a m e r a )  A e r i a l  Photography Plans and Operations 

camera sys ten1 containing four  70mm Hasse lb lad  cameras t o  photograph simul-  
taneously in four different wavelength regions.  

T h e  t h r e e  m i s s i o n s  provided the n e c e s s a r y  coverage, 

T h e  m u l t i s p e c t r a l  photography plan involved the util izal ion of a 

The f o u r  channels used were: 

i 

i 
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Film - 
1 Aerocolor  2445 

Filter Wavelength Region 

W2A 4COO - MOOA 

2 Infrared Aerochrome 2443 W12 + WCCJOB 5000 - 9000A 

S Infrared Aerographic 2424 W89B 7000 - 9000A 

4 Ptue-X Aerographic 2402 w25 6000 - 7000A 

T h e  planned coverage included complete coverage of an area two 
miles in all directions from the plant and s ingle  frame coverage of the inner 
fence  area. 

obtain the required coverage. 

above te r ra in  and covered an area two miies north, south, and west of the plant 
and as far e a s t  ab Standley Lake. 

at IO, 000 ft above t e r r a i n  and single frame coverage of the immediate plant area 
was obtained. T h e  scale of this imagery was 1:39,000. 

Missions were  flown on 16 August, 15 October,  and 17 October to 

T h e  16 August miss ion was flown in the A-100 aircraft at  5,000 f t  

The scale of the photographs was 1:19,500. 

Missions  on 15  and 17 October were  flown in a Martin-404 a i rcra f t  

2.3 Infrared Thermal  Mapping Plans  and Operations 

color aerial photographs and an on-site  ground reconnaissance. Part icular  
attenlion was given to designing the coverage so as to be able  to  detect variations 
in ground mois ture  and variations in surface  geology by means of thermal effects.  
The infrared thermal mapping plan can  be summarized as follows: 

The infrared thermal mapping plan was devised after inspection of 

A. High Altitude Long Wavelength Scan 
1. Bendix scanner  
2. 8-12.51.1 detector 
3, Approximately 10,000 f t  altitude 
4, Mid-afternoon - three east to west passes 

B. Low Altitude Long Wavelength Scan 

1. Bendix scanner  
2. 8 - 1 2 . 5 1  detector 
3. Approximately 1,000 f t  altitude 

C-1-6 
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4. Mid-afternoon - selected p a s s e s  
5. Dawn - overlapping p a s s e s  of inner fence  area 
6. Dawn - flight l ines  along se lec ted  stream beds 

C. Multispectral  Multi-scan Data Set 

1. 8-12.5Lr and 3 - 5 . 5 ~  detectors 
2. Approximately 1,000 ft altitude 
3. Mid-afternoon and before sunr ise  - two flight 

lines over  se lected teat  area 

T h e  required < .werage was obtained on 15, 16, and 17 October,  
using the Martin-404 a i rcra f t  and a Bendix thermal  mapper Model LN-3. 
Due to  var iable  windy weather on 16 October,  some data acquisition runs for 
this date w e r e  repeated on 17 October. 

2.4 Ground Truth Plans m d  Operations 

because  ground truth data were  considered to be essent ia l  to  the proper cal ibration 
and utilization of all types of remotely sensed data acquired by airborne operations. 

c a r r i e d  out in cooperation with, and with the support of, Rocky F l a t s  personnel. 
Below is an itemization of the operations which constituted the ground truth plan 
and personnel  assignments.  

Particular attention was given to the design of the ground truth pian 

It Rhould b e  noted that the implementation of the ground truth plan w e  

A. Water  Leve l  Measurements in Wells  and Bore Holes - 
As Many As Possible (RFP personnel) 

B. Photography of Plant Life Around Ground Seep Areas 
(EG&G personnel) 

C. Thermal  Infrared Radiometer Temperature  Measurements 
(EG&G personnel) 

1. Water  sur face  
2. Wet poisoned s e e p  
3. Asphalt 
4. Open bare ground 
5. Uniformly vegetated area 

L .  - 
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D. Soil M o i s t u r e  Samples  (personnel  from all organizations) 

I. =30 points a t  s e l e c t e d  locations and t i m e s  spec i f ied  
by EG&G consultants.  

NOTE: All  of the data desczibed in th is  document in Sections 
2.1  thru 2.4 wil l  b e  f u r t h e r  d e s c r i b e d  and cataloged in r e p o r t  EGG-1183-1680 
now in preparation.  

, 

,- 3. HYDROLOGICAL AND GEOLOGICAL INDICATIONS 

3.1 Geologica l  and Hydrological S e t t i n g  

The geologic se t t ing  of the R o c k y  F l a t s  S i t e  is dominated by the 
s e d i m e n t a r y  and s t r u c t u r a l  pat terns  o f  the F r o n t  Range urban corr idor .  
se t t ing ,  c o v e r e d  b r i e f l y  h e r e ,  i s  descr ibed  in detail  by Hurr  (1975) and i n  a 
r e p o r t  by U R S / R l u m e  & A s s o c i a t e s  (1974). Immediately w e s t  of the s i t e ,  
s t e e p l y  upturned beds of the Fox Hil l s ,  L a r a m i e ,  and Arapaho formations 
c r o p  aut,  and ther. dip eas tward  beneath the s i t e ,  T h e  b e s t  aquifer of the group, 
the Fox Hil l s  sandstone. o c c u r s  at  a depth of approximately 800 f t  beneath the 
plant area. Overcapping these  bedrock units is a v e n e e r  (10 tG 70 ft)  of grave l ly  
alluvial depos i t s ,  t e r m e d  the Rocky F l a t s  grave ls .  
by 3 u r r  (1975) to b e  the remnants  of alluvial fan m a t e r i a l ,  debouched from Coal 
Creek Canyon. The g r a v e l s  extend westward of ,  and occupy gaps in. the outcrop 
of the upturrsd Fox Hi l l s  beds. This  p e r m i t s  percolation of some shallow ground- 
w a t e r  through the Fox Hil l s  outcrop,  eas tward  on to  the s i t e  area. Leakage from 
Cold  C r e e k  Canyon and the Boulder Diversion Canal could a l s o  furnish some water  
on s i t e  on the Rocky  F l a t s  grave ls .  Thus,  w a t e r  contribution to the s i t e  area, 
though g r e a t l y  influenced by the plant's water s y s t e m ,  and supplemented by rain 
and snowfall .  l ike ly  h a s  components f r o m  groundwater flow in the n e a r - s u r f a c e  
g r a v e l s .  
but some may p e r c o l a t e  to deeper  aquifers through p e r m e a b l e  zones in the Arapaho- 
Laramie, and through fault zones which may iri tersect  t h e s e  formations.  

T h e  

T h e s e  g r a v e l s  are considered 

T h a t  ground w a t e r  which flows of f - s i te  is large ly  confined to the grave ls ,  

T h e  contac t  (or in ter face )  between the Rocky  F l a t s  g r a v e l s  and the 
l e s s - p e r m e a b l e  underlying Arapaho Format ion  s e r v e s  as the locus  of natural  
and man-caused  s e e p s ,  where  the contac t  i n t e r s e c t s  the topographic s u r f a c e  
on the s i d e s  of the s t r e a m - c h a n n e l  valleys. T h e  m e s a - l i k e  topography of the 
site; flat, grave l -capped s u r f a c e s  incised by small s t r e a m s ,  lends i t s e l f  well  to 
the formation of s u c h  Qeeps.  Most  flow from leakage  (from both the solar evapora- 
tion ponds or o t h e r  p lant - s i te  sources) probably s u r f a c e s  a t  s e e p s  on the sloping s i d e s  
of the stream channel  valleys.  Subsurface  leakage from the holding pofids is more 
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likely to r e a c h  the deep a q u i f e r s  than leakage  from the  solar ponds. T h i s  
could occur e i t h e r  d i r e c t l y  by perco la t ion  through the Laramie- Arapaho,  
or by p e r c o l a t i o n  lhrough a fault  or s h e a r  zone which may i n t e r s e c t  the 
surface and the bedrock  units  at depth. 
por ted  by H u r r  (1975). who sugges:ed that the zone m a y  b e  a souther ly  
ex tens ion  of  &e Eggleston R e s e r v o i r  Fault, d e s c r i b e d  by S p e n c e r  (196l). 

Evidence for s u c h  a zone was re- 

3.2 G e o l o g i c a l  Indications 

interpreta. ion of geologic features is the high altitude (18,000 ft  above t e r r a i n )  
natura l  c o l o r  photography, obtained I5 August 1975, the high altitude (IO, 000 
ft above terrain) mid-day t h e r m a l  in f rared  mapping of 16 and 1 7  O c t o b e r ,  and 
the dawn l o w e r  altitude (about 1,000 i t )  t h e r m a l  i n f r z r e d  mapping of 16 and 1 7  
October .  A zone of l ineaments ,  m o s t  of which are or iented  NNW-SSE, is 
apparent in the e a s t e r n  portion of the s i t e  on both the photo a i d  t h e r m a l  infra- 
r e d  imagery .  T h e  l ineaments  are e x p r e s s e d  as topographic features s u c h  as 
s t r e a m  or ienta t ions ,  c u t s  in mesa r ims,  and continuity of t r ibutary  s t r e a m  
a l ignments  across main dra inages .  An example of pre ferent ia l  s t r e a m  or- 
ientation. which m a y  b e  influenced by faulting, is the NNW direc t ion  of the 
south fork  of Coal C r e e k ,  near the 5,750 f t  contour across the north-south 
line of s e c t i o n s  34 and 35.  
in the  nor thwest  q u a r t e r  of s e c t i o n  2 ,  and just north of the e a s t  access .=oad 
in s e c t i o n  12. A continuity of t r ibutary  alignment across a main dra inage  is 
indicated on  the north f o r k  of Walnut C r e e k  in the southwest q u a r t e r  of section 2. 

16 O c t o b e r ,  though not ex tens ive  in c o v e r a g e ,  shows good enhzncement of 
diagnostic  topographic f e a t u r e s  in the area south and east of the m a i n  piant 
s i t e .  

l i n e a m e n t s ,  as well  as north-south trending f e a t u r e s  irr the southwest q u a r t e r  
of s e c t i o n  2. Ground c h e c k  of t h e s e  r e a t u r e s  indicated v e r y  l i t t l e  topographic 
expression. T o n e  changes  in mid-day and dawn t h e r m a l  i n f r a r e d  i m a g e r y  are 
evident on south-facing s l o p e s  north of holding pond A-2 and on re la t ive ly  f la t  
t e r r a i n  south  of :he B holding ponds. T h e s e  changes ,  near the d is tor ted  and 
offset bedding o b s e r v e d  near t h e s e  pcads. m a y  r e f l e c t  c o n t r a s t s  in  ground 
m o i s t u r e  c o n t e m  a n d / o r  lithology on opposite s i d e s  of a fault zone. 

Of the i m a g e r y  ava i lab le  to date ,  that most diagnostic  for 

Orientations of cuts in  mesa r i m s  are exemplif ied 

T h e  low-sun-angle photography. obtained s h o r t l y  after s u n r i s e  on 

Dawn t h e r m a l  i n f r a r e d  i m a g e r y  indicates well the XNW trend of 

* 
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Taken individually. the lineament features and dislocations of 
bedding observed on the ground may be attributed to the lenticular nature of 
8edirnentary lithologic units, i. e. ,  a sand bed may "lens out" to be replaced 
at the  same stratigraphic level by shaley material. However. when plotted 
areally, as on the accompanying map. the overall zonation and general 
alignment of surface features infers that :here is structural control to their 
orientation by a fau!t or shear zone. 

3.3 Hydrological Indications 

The airborne data coltection was designed so tha: certain hydrologic 
features could be evaluated. The specific data collection, other than photographs 
of hydrologic interest, was the 8-12. 5y thermal infrared mappings carried out 
near sunrise and solar noon. To assist with this airborne data collection, 
hydrolcgic ground truth, in the form of soil moisture. was taken at selected 
locations. 

The primary elements of hydrologic interest were seeps, springs. 
and general water-balance information for the immediate plan! site and the 
surrounding area. Since the local geology controls much of the natural water 
balance of this area, the hydrologic and geologic elements were highly inter- 
related both in mission planning and preliminary interpretation. 

3.3.1 Seeps and Springs 

Various seeps and springs were noted on photog-aphic and thermal 
infrared imagery along the three basic driiinages flowing through the plant site. 
Closer inspection of some of these indicated that these springs and seeps ap- 
parently emerged from the interface of the Rocky Flats gravels and the lower 
more impervious Xrapaho formation. I t  also initially appears that there is 
some concentration of springs and seeps in the vicinity of the plant site itself. 
Wi:h the present information available, it is impossible to determine whether 
or not this apparent concentration occurs naturally or was induced by rhe con- 
struction and operation of the plant. 

If this  concentra:ion is no! natural. then one should initially look 
at some obvious possibili!ies: (1) the plan! 1s losing water through the ffplumbing", 
(21 the construction of various facilities have allowed for concentration of ground- 
water :hrough foundation drains. etc., or ( 3 )  a combination of the first two. 
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Rocky Flats personcel have sampled the water from selected 
springs and disclosed that with one exception, the water does not have thc 
chemical or radiological characteristics of plant process waters. 
exception is the seeps to the northeast of the solar evaporation ponds which 
contain large amounts of nitrates. 

S. 3.2 Water Balance Jnforrnation 

in which waters naturally enter and leave the area under consideration. At 
the Rocky Flats Plant site there are several opportunities for water to enter 
thz system: 

The 

The natural water balance of an area is determined by the manner 

A. 

B. 
.- 

C. 

Precipitation 

Seepage losses from the Boulder Diverpion Canal to the weat 
o f  the site which would enter the Rocky Flats gravels. 

Ground-water seepage from the west from Coal Creek near 
the mouth of Coal Creek Canyon. This would primarily be 
through the upper or near-surface gravel formations. 

Similarly water would tend to leave the area through: 

A. Surface runoff - fed by seeps and springs as well as 
by direct runoff. 

B. Evaporation 

C. Evapotranspiration from the native vegetation. 

D. Possible deep seepage to 2 lower aquifer (see the geologx 
report comments on this). 

The information previously mentioned on seeps and springs indicates I 

that th; mission was quite helpful in locating these areas, but the airborne imaging 
techniques used ?re not capable of quantifyiag the flows. In addition to locating 
the seeps and springs, the airborne informLtion also suggests that there is some 
hydrologic connection with Coal Creek at the mouth of the canyon. This  is noted 
from the mid-day thermal infrared @can. One can note a dark pattern emerging 
from the north half of the Coal Creek alluvial fan. Although briefly tield checked, 
no firm conclusions can be drawn at this point. 
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Inspection of the mid-day thermal infrared mapping indicates that 

The early morning scan lines did 
the Boulder Diversion Canal does not appear to be leaking any pronounced amount 
of wBter into the gravels at specific points. 
not cover this area. 

4, FIELD INVESTIGATIONS 

Field investigations were conducted on 13  and 14 November 1975 
and on 10 December 1975 for t h e  purpose of verifying some of the geological 
and hydrological indications which were noted in the remotely sensed imagery. 
Personnel from several organizations were present at each of these meetings. 
For this reason, the information relative to these meetings 
in the form of notes submitted by one of the available participants. 
the evolving nature of the iield investigations, they are presented here as a 
chronological sequence of activities. 

ilI be presented 
Because of 

4 .1  Notes on Field Examination of the Rocky Flats  Plant Area, 13 November 1975 

Participants: R. T. Hurr, USGS; C. Illsley. R F P ;  E. B. Jones. Bittinger &. Assoc. ; 

Notes: by H. A. Wollenberg 

of interest inc5caCed by the multispectral aerial surveys. and to observe ground 
features which may be associated with faulting. 
on the accompanying map, Page 18. 

and H. A. Wollenberg. L R L  

The purpose of the examination was to field-check specific points 

The points visited are numbered 

(1) Surface indications of possible faulting, observed originally by 
R. T. H u r r  (1975). were inspected in the deeply eroded drainage channel j u s t  
south of the easternmost holding ponds (R-3 and B-4)  on the south fork of Walnut 
Creek. At th is  location. strongly contorted clayey layers of the Arapaho formation 
occur stratigraphically above and below a hard. resistant medium-to- 'ine-grained 
sandstone layer. approximately 0. 5m thick. Though mostly obscured by slumped 
material, the  sand layer appears to be offset vertically, downward lo the east. 
in several small steps eatward along the trench. 

(2) Faulting is also suggested bv the apparent vertical (downward 
to east) offset of a similar sandstone bed on t h e  north shore of holding pond A-2 
on the main fork of Walnut Creek. , 
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(3) The location of the bright, roughly E-W trending linear feature 
on the dawn thermal infrared image w a s  inspected. The feature is a sharp, 
south-facing scarplet on the south edge of the flat ridge- top gravel cap. This 
scarplet receives the first rays of the morning s u n ,  causing a sharp temperature 
contrast with the flatter terrain above and below. 

The area of subtle temperature contrasts on the south-facing slope 
just north of pond A-2, observed on both the mid-day and dawn thermal infrared 
imaging, was scanned from the ridge top at location 3. 
in  vegetation are apparent, there are vegetational variations which may reflect 
changes in ground moisture. 

An area spanning the north fork of Woman Creek was scanned from 
the ridge top north of pond A-2. This was to field check a north-south trending 
linear feature, apparent on the jwn thermal infrared image. and the color photo- 
graph. Ground observation indicates that there is no sharply apparent topographic 
expression of this feature, so that subtle changes in ground moisture and vegetation 
probably account for its appearance on the images. 

north of the intersection with the East Access Road. In this area, massive medium- 
to-fine-grained sandstone near the base of the Arapaho is over- and underlain by 
grayish clayey material. Some of the exposures show zones of iron-staining and 
occasional iron nodules. 

(5) The terrain along and south of Rock Creek was observed from the 
county road bordering the north line of Sec. 36,  TlS, R70W. Hurr speculates 
that in this area the sandstones of the loser -4rapaho formation may be displaced 
200 to 300 ft vertically by an ENE-trending fault. There is no surface tJidence 
for the fault in this area, but well-log data and roadcuts farther east suggest its 
presence. 

observed from Colorado Highway 128 near the north border of Sec. 2 ,  T2S, R70U'. 
As well as sharp breaks in therim-rock south of the creek, Hurr pointed out an 
apparent offset in spring lines in the clayey Arapaho. This area lines up along 
the projection of the strike of the possible "W-trending fault/shear zone observed 
in the holding pond area. 

outcrop of purportedly Fox Hills sandstone (Spencer, 1961 1 was inspected. 
This sands tone, where freshly exposed we8 t of the reservoir. is light-colored, 

Though no sharp changes 

(4) Roadcuts in the Arapaho formation were cbserved on Indiana Street, 

(6) The hummocky terrain on rne slopes south of Rock Creek was 

(7) The Eggleston Reservoir area was visited, and a well-exposed 
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fine grained, quartzo-feldspathic. with some dark lithic grains. In a more 
weathered exposure near the reservoir's right abutment. the sandstone is 
buff and iron stained. Ground inspection northeast of the reservoir showed 
no indication of the Eggleston fault, but slickensided clayey material. pro- 
bably of the Leramie formation, in the deeply eroded natural "spillway" below 
the dam, indicated probable faulting. 

It is concluded Zrom this ground inspection that surficial features 
in the ewtern portion of the p l h t  area, as  well as north of the plant area. 
suggest the presence of a fault or shear zone. 
8mdstone and clayey units in  the Arapaho/Laramie formation in this area 
strongly suggest vertical offsets, though the termination and reappearance 
of beds may also be attributed to the lenticular nature of this sedimentary 
sequence. 

The orientations of some 

On 14 November. these findings were presented to Rocky Flats 
Plant personnel. As a result of this meeting, seismic reflectivity surveys 
were recommended to assist in confirming the existence of the Eggzeston 
fault. Subsequently. arrangements were made by Rocky Flats Plant personnel 
to have the Colorado School of Mines perform the survey initially on site and 
then northward along the Eggleston fault as noted by Spencer (1961). 

4.2 Notes of Meetings in Connection with Rocky Flats Project. 10 December 1975 

Participants: M. Thompson. J. Cleveland. C. Illsley. E. B. Jones, and H. Wollenberg 

Notes: by H. A. Wollenberg 

nlaley reported on Colorado School of Mines (CSM) seismic surveys 
during the past weekend. CSM had not found evidence of subsurface faulting on 
their north vibroseis line. W e  would inspect the data in the afternoon at CSM. 

Jones and Wollenberg emphasized the importance of obtaining samples 
and chemical analyses of well waters from the Fox Hil l s  aquifer east of the plant 
site. Illeley said that the USGS h a s  some analyses of these waters, and he would 
check to see if the data are available, and whether tritium were anaSyzed. 

During the mid-%orning, Wollenberg. Jones, and Illsley examined 
an area on the Rocky Flats gravels west of Highway 93, near and south from the 
emall lake in  the south center of Sec. 8. T2S. R70W. This was to observe on- 
site, ground conditions in an area of tone change on the 18 August 1975 color, 
and 17 October mid-day thermal infrared imagery. The prominent sharp ridge 
northwest of the lake is probably capped by an erosion remanent of pre-Rocky 
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Flats gravels: a similar band of angular boulders forms a low ridge north of 
the lake. The lake occupies a smali depression at an elevation well above 
that of the closest portion of Coal Creek. No apparent difference wa8 noted 
on the surface of the ground between areas of different image tone, south of 
the lake, and south across Wom.an Creek. There was no observable difference 
in ground conditions between the relatively cooler zone north of Woman Creek 
indicated on the thermal infrared imagery, and warmer ground south of the 
creek. The cooler =ea may represent a zone of near-surface groundwater 
flow from Coal Creek into and through the. Rocky Flats gravels west of +he 
plant site. The zone's infrared and color photograph "signature" suggest 
possible hydrologic communication between these gravels and those on the 
plant site. 

The Colorado School of Mines was visited in the afternoon to see 
results of the 6 anu 7 December vibroseis reflection surveys across the suapected 
fault/shear zone north and east of the plant area. Present were T. &vis and 
G. Keller of CSM, Cleveland and Illsley of RFP, and Jones and Wollenberg. 
Velocity diagrams from the two survey lines were inspected, and indicated 
no apparent offsets of Fox Hills. Pierre, or deeper sedimentary units beneath 
the plant site. 
RFP site (Davis, 10 Dec 7 5 ) .  Previous seismic data of T. Davis showed offzzts 
associated with Denver Basin growth faults, northeast of Eggleston Reservoir. 

It was planned to continue reflection profiling, with two lines 
immediately north and south of Eggleston Reservoir, across the expected 
position of the Eggleston Reservoir fault; a third line 1 mile south of thz 
Reservoir; and a north-south line along Indiana Avenue (the east boundary 
of RFP), to check the presence of faults which may project on-site from the 
northeast. Priority will be given to the confirmatory lines in th vicinity of 
Eggleston Reservoir, for comparison with data from lines on-site. 

This indicates no evidence of appreciable NNW-SSE faulting on the 

5. RECOMMENDATIONS 

Recommendations for further studies of L!e Rocky Flats site can 
be divided into two categories: (1) geological studies to better determine the 
geological structure of the site and (2) hydrological studies to better understand 
the water balance of the site. 

c-l-zs 
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S. 1 Geological Studies 
Examination of airborne imagery and aurface features strongly 

lruggeets the presence of a fault or shear zone in the eastern portion 0; the 
RFP site area. As indicated previously, Hurr (1975) suggested that such 
a zone may be the southern extension of the Eggleeton Reservoir fault. 
Spencer (1961) stated that the E,ggleston Reservoir Fault is a reverse fault, 
dipping steeply to the west, with beds offset 200 to 300 ft vertically. Where 
observed on the ground in  the vicinity of the platlt site holdins ponds, offsets 
are probably less than 50 to 20 ft. Therefore, if the faultlshear zone in the 
eastern portion of the plant site is a southerly extension of the Eggleston 
Reservoir Fault, a substantially different degree of offsetting has occurred 
on the faglt between the two locations. Subsequent studies should be designed 
to confirm or deny the presence of the fault, and it it is present, whether or 
not i t  provide6 communication between surface or shallow water at the plant 
site and aquifers at depth i n  the Laramie and Fox Hills Formations. Recom- 
mended procedures for the evaluations follow: 

A. Chemical and radiometric analyses of water from wells 
penetrating the Larsmie-Fox Hills aquifer, east of the 
plant site should be conducted. 

B. A geophysical survey of the fault/shear zone area, 
utilizing seismic sounding techniques should be ac- 
complished, to determine the presecce and extent of 
offset or distortion of t.eds crossing the zone. Because 
of the inferred differencc in magnitude of offsets, a 
eeismic line should be oriented in the northern porticn 
of the site wea, as well as a lice acr3ss the zone in  the 
vicinity of the holding ponds. 

C. It is strongly recommended that the north-south line 
along and north from Indiana Avenue also be surveyed 
as soon ae pssible. It is important to cmfirm or deny 
the presence of any faults that nay underlie the RFP site. 

NOTE: Vibroseis reflection surveys conducted by the Colorado 
School of Mines during the period 13 through 21 December 1975, transecting 
the area of the suspected shear zone, indicated no apparent offsets of bed8 at 
depths exceeding 600 3. (The resolution of the technique is stated to be a 20 ft. 1 
Similar vibroertfe traverses on 28 December in the vicinity of Eggles ton Rosenrbir 
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Fault (Davis,  29 D e c e m b e r  1975: Spencer.  19611, indicated no apparent 
offsets of beds at depth in that area. 

5.2 Suggested Hydrologic Studies 

hydrologic studies.  
springs in the vicinity of the plant should b e  identified insoiar as reason- 
ably prac t i ca l .  Second, a monitoring p r o g r a m  should b e  designed in o r d e r  
to continue to e n s u r e  knowledge of the s o u r c e s  and disposition of this water. 
(Some of this  suggested effort is underway, and w i l l  b e  repor ted  elsewhere. ) 

To accompl ish  the first task ,  one must  not only have a water 
balance in the plant, but must  a l s o  show how the water  e n t e r s  and l eaves  
the surrounding area. Verba l  communications with Rocky  Flats personnel 
indicate that in-plant water -ba lance  studies have been made  -- thus a portion 
of this  work is underway. The w a t e r  balance of the surrounding area is can- 
s ideryd to  some extent by Hurr  (1975) in the c u r r e n t  U. s. Geological Srlrvey 
draft  dealirig with this  area. Conversations indicate that the c u r r e n t  LSGS 
r e p o r t  does not contain the detai l  that may ultimately be d e s i r e d  by Rocky 
F l a t s  Plant person; ,el .  

T h e  work thus far has  suggedted two mzin thrusts  for future 
F i r s t ,  the s o u r c e  of the water  which appears as 

I 
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, In view 01 the specialized nature of this technical memorandum, 

no exhaustive l ist  of references has been prepared. However, attention ia 
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else are particularly related to the subject at hand. 
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Project. " 
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OBJECTIVE 

The purpose of t h i s  pro ject  was t o  investigate the possiblg 

existence of faul t s  i n  t h e  v i c i n i t y  of t h e  U.S. A t o m i c  Energy 

Commission's Rocky F l a t s  Plant. 

INVESTIGATION PROCEDURE 

During t h e  time interval December 9-28, 1975 and February 10 

through A p r i l  1, 1976, Rockwell International I n c . ,  operator o f  

t h e  Rocky F l a t s  P l a n t .  contracted and financed t h e  acquisition, 
processing and interpretation o f  15 miles of seismic reflection 

data i n  t h e  v i c i n i t y  o f  t h e  Rocky F l a t s  Piant,  

performed through t h e  Geophysics Fund I n c . ,  under the direction 
of Tom Davis of the  Department of Geophysics or' t h e  Colorado School 

o f  Mines. 

T h e  survey was 

The VIBROSEIS (trademark o f  Continental O i l  Company) system 

of data acquisition was used throughout t h e  pxoject. 

source involved a tnick-mounted servo-hydraulic vibrator which 

was made t o  sweep a t  a constant amplitude over a l inear  range o f  

frequencies dur ing  a f ixed period o f  time. 

a 48 - 8 Hertz downsweep was used extending  Over an 8-second 

duration. Data was recorded for 11 seconds from t h e  time o f  

sweep in i t ia t ion .  The process by which the signal  is recovered 

is similar t o  that  of the chirp radar method. 

from t h i s  seismic source show no discernible re f lec t ion  informa- 

t i o n  because the seismic pulse is  spread over several seconds. 

The data must be computer cross-correlated with the original  sweep 

of frequencies before re f lec t ion  information may be viewed. 

aignal generated by t h i s  source was recorded by a 24-channel 

digi ta l  f i e l d  system DFS-10000. 

vibrator point. (vp) consisted of 27 sweeps spaced over 10-foot 

intervals. Distance between source points (vps) varied from l i n e  

The seismic 

Tkiroughout t h e  survey 

F i e l d  records 

The 

The source pattern a t  each 
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t o  l ine b u t  was either 400 or 600 feet.  

consisted of 1 5  geophones stretched over 200 feet.  Iriformation 

during each vibration was recorded by 24 sets  of these geophone 

arrays. The spacing between the geophone groups varied from 

line t o  line but was either 200 or 300 feet.  D a t a  acquired was 

processed on the Geophysics Department's Phoenix minicomputer. 

A standard processing sequence of demultiplexing, suniming, cross- 

correlating, and stacking was performed. 

The receiver pattern 

Seismic d a t a  was acquired i n  the general v i c i n i t y  of  the 

Rocky Flats P l a n t  ( l i n e s  1-81 and Egqleston Reservoir north of 

Highway 128 ( l ines  1-3) as shown i n  Figure 1.  These l ines were 

located according t o  topographic considerations with the specif ic  

geologic objective i n  mind. One line traversed the entire extent 

of the plant ( l ine 6 ) .  The ecological advantage of the VIBROSEIS 

technique was demonrtrated throughout the proje?t but  most important 

during the Central Avenue traverse. 

INTERPRETATION 

Geologically, the Rock Flats  P l a n t  is situated as depicted 

in Figure 2 .  
The Rocky Flats  (Figures 4-11) and Eggleston (Figures 12-14) 
seismic lines were interpreted as shown. The data quality  f a c i l i -  

tated the interpretation. I n  addition, the seismic d a t a  was tied 

t o  the Tom Jordan Marshall Lake Well (22-1S-70W) for horizon 

control and subsurface velocity information. A synthetic seismo- 

gram (Figure 15) run fran the sonic log i n  the well  enabled a 

good seismic-well t i e .  

(Davis, 1974) was t i e d  directly  t o  the Rocky F l a t s  data. 

maps (Figures 16 and 1 7 )  were prepared on the Top and Base of the 

Pierre Shale respectively. 

A stratigraphic column i s  i l lustrated i n  Fiqure 3. 

Seismic d a t a  made available by Tom Jordan 

Two 
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The maps and related seismic sections illustrate that two 
types of fault systems are present in the Rocky Flats area. 
One fault system is locally restricted to the Upper Pierre 

Shale and Laramie-Fox Hills sections. 
nature and related in a growth fault manner documented by 
Davis (1974) and Weimer (1973).  An associated basement-controlled 
fault system exists on the western and southern extremity of 

It is depositional in 

the shallow growth fault system. 

system localized deposition of the Upper Pierre Shale and Laramie- 

The basement-controlled fault 

Fox H i l l s  intervals. Sedimentation rates and thickness accumula- 

tions were greatest within the downfaulted graben area to the 
north of the Rocky Flats Plant. The basement-controlled faults 
to the west and north of the Rocky Flats Plant exhibit a growth 
history as well, 

mately 150-200 feet whereas displacement at the Top of the Pierre 
is in the order of 50-75 feet. 
t i o a  conforms to the Top of the Niobrara structure 2ap. 

located approximately 4000 feet beneath the Niobrara horizon, 

Displacement at the Niobrara level is approxi- 

The Precambrian basement configura- 
It is 

Displacements on the basement across the basement-cuntrolled 
faults appears to be in the order of 300-350 feet. Displacement 

varies with lateral position on the basement-related faults as 
well. 
east trending fault. 
,has more displacement in the southern portion of the map area 
than it has in the north; ie., the fault dies out to the north. 

The north-south fault has aore displacement than the north- 
In addition the north-south trending fault 

I 

The northeast trending fault has more displacement in the south- 
west and displacement diminishes in a northeasterly direction. 
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Interpretation o f  15 miles o f  seismic r3flection data in the 
vic ini ty  o f  the Rocky Flats  Plan reveals: 

a. 

b. 

C. 

Two d i s t i n c t  but  associated fault  systems ex is t  in the 

area. A basement-controlled graben area t o  t h e  north 

of the Rocky F la ts  Plant localized sedimentation in the  

form o f  a depocenter througnout Late Cretaceous time. 

Associated penecontemporaneous growth faulting ex is t s  i n  
t h i s  graben area. These faults  are northeast trending 

and do not trend into the plant area. 

The Rocky Flats  Plant is located on the stable,  upthrown, 

horst block south of the graben area north o f  Highway 128. 

There i s  r10 evidence for shallow, penecontemporaneous, 

growth faults  w i t h i n  t h i s  basic structural element. The 

structural block on which the plant is located is flanked 
one mile t o  the west and north by two bFsement-controlled 

faul ts  which fault  the entire sedim--,cary section. Near- 

surface displacement on these faults  is i n  the order o f  

50 feet. 

No faults e x i s t  w i t h i n  the immediate area of the Rocky 
Flats  Plant. 

REFERENCES 

Davis, T. L,, 1974, Seismic investigation o f  Late Cretaceous 
faulting along the East Flank o f  t h e  Central Front Range, 
Colorado: Ph,D. Thesrs 1681, Colorado School of Mines 

Weimer, R. J., 1973, A guide t o  Uppermost Cretaceous stratigraphy, 
Central Front Range, Colorado: deltaic  sedimentation, grclrsth 
faulting, and Early Laramide crustal movement: Mtn. Geologist, 
v. lo, no, 3 ,  p. 53-97 
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FIGURE 16. Structure contour map on the Top of the 
Pierre Shale (conversion velocity i s  7500 ft/sec). 
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FIGURE 17. Structure contour map on the Top of the Niobrara 
(sea Dovis, 1974 for conversion velocity map). 
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U. S. Dept. of Agriculture 
Soil Carservation Service 

CQJSERVATICN PUN HAP AND 
SOIL AND ChPABnJZY P I  LEGEND SHEET 

Mfferent  Mnds of soil, range s i tes ,  or wadland sites are separated on the 
map ty solld black l ines .  Within each area is an identifying symool or 
name. The following symbola are shown on your map: 

Symbol or S i t e  Name - Generalized De,scrlptim?r 

(Detailed descriptions are svailable in 
yow S o i l  Ccnservation Service offico.) 

.-_- 

Overflow 

Fair Condition 

Wet Meadow 

In the potxntinl plant co?onrz-iity ta l l  rrasses form 
a major part ol" t h e  vcsetatioti t * - t h  !*id &nd short. 
grasses in+sr:nixinc t o  forn an plnor;t  contincms 
cover. ,%itchgrass, luc bluest.:.,ri, wcsteni  thea at- 
grasa, Rreen needlevras~, Tndiancrass, blue gnna 
and Canada w i l d r j e  are t h e  most ahimda:it species. 
A number oE o t h r r  p1ar.L~ are nroscnt jr, mall  
amowts. Production e m  reach 3300 pomds of 
air dry vegetat ion pr  acre pc- year .  

In ?air c o n d i t i o n  westem w h a t ,  Kentsc;c;* blwgrass 
(m Intrcduced species) *and ha5.t.y pi.% are the 
dodnant spccics. 
Junefyass, and ncedlc 3rd th-end are p x s e n t  in 
lessor ammts . 
i n  trecs 9~3unts. a r e s e n t  prodtiction is l 2 W  
1300 p0ur.d~: of afr d r y  -1cgetaticn Fer .?cm per 
year. 

CUPZ, nnnu;l! t\:'t\nc, ax i l . ch~ : .a r~ ,  

'!mrms other  plrrllis are present  
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CO-CCHS-2 (formerly CO-U?) 

@$le code C ~ S - l h )  

P, S. Dept. of Agriculture 
- _  5169 Soil Cmsorvation Srrvfce 

COJSERVATIU4 PLAN HF.P AHD 
SOIL AND CAPABZLIIT MAP LEEEND SHEET 

Mfferent  kinds of soil, range sites, or woodland s i tes  arc separated on the 
nap by sol ld black lines. 
name, The following symbols are shown on your map: 

Within each aced is an i d c n t i f y i n e  symbol or 

Symbol or Site Name 

Clayey Foothill 

. 

- Generalized Descriptions 

(Detailed dcacripticns are available i n  
0 your Soil Ccnservation Service offjco.)  

In ths potential  ulaiit comunit:r, ibstern wheztrrass, 
green needleerass and needle nn:l t!L=*xi dcmhatz %!IC 
site, 
and I n d i a n  rioetyrass arc mcsect i n  
A number o f  forbs are present in  c ~ d 1  ~. .~CII+,S .  

duction can rcach 1mO+ pounds of air dry vep*ation 
per acre p r  year. 

Sandberg bluecrass, blue n a w ,  tuf la1 oqrass 
ess~r anmn*s. 

Pro- 

Excellent Condition I n  excellent condi t im vestem whr-ptryrass apd Ereen 
(EC) needle crass am. tb.e dmnin?nt c:rn;nes. C ~ K ' Y ~ P ~ ~ S S ,  

biscutroot,  curlycu? wmeea, zraltiiy,  co:m:?dr& and 
a number of  othar-forbs a x  presen: in small amwts, 
Production i s  1CW2M:n+ pounds or' .air d r y  vec:ct?tion 
per acre  per  year. 

I n  good condition !.lestern whcatfrnss, juneprnss, green 
needle grass, b d f i l o p a r s  and Y;entuchT blucirrass 
dominate the site. 
i n  a l l  amounts. Production i s  around 8cxTPOo pounds 
of air dry vcgetstion pcr acre pcr yew. 

Oood Condition 
(.Gc) 

A large n;ulll:ei* OC fork n y c a r  

Fair Condition 
(E) 

.... - -  

In falr condition buff.iloxrass, Kcntucky bluozrass and 
western wnesttzrass do.?tin?&& t h i s  si te .  S m l l  cmm*Ys 
of cheatcrass,  salsify and othcr forbs are present. 
Production i s  300-hOO powds o f  air dry vegctat.ic;r. 
per acre per year. 
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CM.mS-2 (fonnerly CO-lrZ) 
5/69 Soil  Conservation Scrvicc 
(file code CChS-llr) 

CQUERVATIG! PLAN PAP AVD 

u, s. Dept. of kg1rlculturo 

b2IL AND CAPABILJTY PAP WEiD SliEET 

Mfferent kinds of soil, ranee sites,  or woodland sites arc separated on thf: 
map by solid black lines. 
name. The folloding symbols ara shom an your map: 

Within cat!) area is an idcntifying spool or 

S,mbol or Sito Name 

Cobbly F o o t h i l l  

Excellent Condition 
(EC 1 

Fair Condition 
(s) 

Poor Condition 
(E> 

General3 zed Dcscripti ons 

I n  excellc!if c z i d . i t i m  the coi?cci tion is close to that 
1istc::d a:i3vt? (11~91' t h  mir-niisl) . v i t h  s m l l  c~.r,ourrts o f  
8nnual bro:v>, y-icl2.y pear and frirqeu s w e  prcaect .  
Production is near 20;x) pcunds of a i r  dry vegctation 
per acre peA year. 
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UNITED STATES DEPARTMENT OF AGRICULTURE 
SOIL CONSERVATION SERVICE 

8 0 s  mVET - Soil Surrey and fnterprctstions for 
Rockwell International - Rocky Plats 9ivirion Reqwltt 

DAn. 

Attached I s  the ?clLoving: 

1. Soil sun.ey map on a scale of 1:21,000, lsapped i n  acre- with 
current soil survey polley and procedure. 

2. Soil map unit dcscri*lono contaialng Information connmio& physb- 
graphy, 6011 characteristics, UI- lad aanagemt. 

3. Soi l  series inttrpretstion~ tor Denver, Mch, Mer&&, Buoa utd 
Valuont Series. 

(Also a negnxivrc cf  SOIL map, 1 

4. General description of  rolls for  a n a .  

S o i l  1r.tel-pretatIona are h.cm the  &-aft olenuscript for tbe 3e.cferson 
C ~ u n t y  S o i l  Survey which is n3w in progress and is t o  be cmplett0 
December 1970. DraPt.rsrnuscript materiala far t h e  soil survey 3r.e 
maintnined i n  the Goldtn SCS Field Office and Jeffco So11 Survey O m * . -  
loceted s t  tbe Denver Federal Center, Buildiryl &?.. 
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SOIL SURVEY - ROCKY FIATS PIANT 

, .  , *’ , 

A soil survey map o f  the area requested has been made on a scale of 
h accordance with current s o i l  survey policy and procedure. 

Additional infomation for  specific areas can be made available. 

are t h e  following Soil Interpretations: I 

Soil map unit descriptions contoining information concern- 
ing ph,vsiop;rapby, re?-ief, s o i l  characteristics,  use and 
magement. 

Soil  Survey Interpretations for the Denver, Kutnh, Netherlond, 
Nunn and Valmont S a i l  Series. 

. .  
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SOIL SURVEY LEGEND FOR ROCKY FLATS RENEST 

Alluvial  and Stredm Channel Umds, 0 t o  2 Perccr.t Slspe 

Hum Cle Loam, 0 t o  3 

Nuan Clay Loam, 3 t o  5 

Hum Clay Loam, 5 t o  9 

Denver Clay Loam, 5 t o  

Englewood Clay Men, 0 

Midway Clay Loam, 5 t o  

Percent Slope 

Percent Slape 

Percent Slope 

9 Percent Slope 

t o  3 Fercent Slope 

28 Percent Slcpe 

i 

Kutch-Denver Clay Loam, 9 t a  18 Percent Slope 

Denver-Kutch-Midvay Soils, 9 t o  25 Percent Slope 

Nederland Cobbly Gravelly Sandy Lorn, 0 t o  3 Pcrcent Slope 

Nederland Cobbly Gravelly S a d y  Loam, 9 t o  45 Percent Slope 

Valmoirt Gravelly Clay barn, 0 t o  3 Percent Slope 

Unnamed (Rocky F l a t s )  Grsvelly Joarn, 9 t 3  23 Psrcent S i q x  

Unnamed (Rocky F l a t s )  - 1W-m Complex, 5 t o  9 Percent Slope 

Moderately Steep and Steep Gravelly Land, 15 t o  45 Percent Slope 

Arguistolls, Wet, 5 t o  12 Percent Slope 

Borrow Area-Shales and Clayey Soils 

Gravel P i t  

C-5-8 



COICOIS-2 

CAPABILITY GROUPS OF SOXIS 

Capability classification is the grouping of soils to shw, in a #nerd War, 
their suitability for most kinds of farmjna. 
based on limitations of the soils, the tlek of dsnrage vheh they are used, Urd 
t h e  V ~ J  they respond to treatment. 
degree snd kind of permanent limitntion, but vithout conolderation of msJor 
u i d  generally expenoive landforming that would chanae the slope, depth, Of 
other chsrnctcrl~tlcs of the soils; and without consideration of possible but 

It is a practical ClaSSifiCat~On 

The eoile are classified according to 

~ -1Ikely naJor reclamation proJects. 

h a ~ m  uumera3s are used to shov the 8 broed Capability Classes and letter!, 
fOllov the claas numeral to indlcete the pr1ih::pl problem or hazard. 
.Dd ~ u b - ~ h s s c s  used are as folious: 

Cl858cS 

,/-’ 
,’ 

Class I - Few or no limitations that restrict c:iolcc of crops or rtquire 
eonocmation meaaures . 
Clsss I1 - Some limitations that reduce the choice of crops or require 
-derate conservation seasures. 

Clrrs I11 - Severe limitations that reduce choice of crops or require 
rpccial conservation practices or both. 

C l a o  N - Very severe limitstions that restrict the choice o f  crops, require 
Vel7 csrcfbl Baaagument, or both. 

Cluss V - lot suited for cultivation but has few or no harards uhtn used for 
pL*turc, rmge, voodlmd or vlldlirt. 

/- 

, 

Class V I  - Pot suited for cultivation. 
puturc, voodland or vildlife vith carefiil ararlugement m d  needed coa8et~ti;ion 
preeticte . 

Severe limttatfon8. Suited for range, 

Class V I 1  - Kot suited tor cultivatlon. 
range, woodland or vildlife uses if carefully mansgtd. 
physical pructices such as pitting, iurroving, seeding, ctc. 

Class VIIX - Rot suited for cultivation, range, pasture or voadlrnd. 
o r 4  for recreation, vfldlife, veter supply or esthetic purposes. 

Very severe limitatfons. Suited for 
Usually cannot apply 

Suftad 

e - &ocliou by wind or water is the maJor problem. 
Y - Exccscire cater m c h  M vetncso, overflou, or high uatcr tabZt. 
I - MaJor problem is In the soil .  

C - Climate i o  the MJor haard. 

It may Sr_ tco ch=l:cr~,  too beery. stony, 
\ luu fo fertility, salty, dl!caline or have l o v  miaturc capcity. 

GrwIEg measoa be very short, t ! m C  ir 
8 ahortege of rainfa31 or both. 

Euuple!, : 

IIIc - Class I11 land vherr erorio:, lo the aaJor harcuG. 

IYc - &sea IV h a d  where the climte i s  the Wor problem. 

c-3-9 
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?A--Mixed Alluvial Lands Bordering Channels and Stream Courses 

//' 

I .  .- - 

There are  deep, welldrained,  frequently ilmded loamy s o i l s  occurring 

along intermittent drainage channels and creeks. 

in s t r a t i f i e d  a l luvia l  fiil materials that  are extremely variable i n  

texture, including sandy loams, gravelly and cobbly materials,  and 

loams, derived *an mixed smrces. 

sloping a 

So5.ls are forming 

Slopes are nearly l eve l  t o  gently 

Included i n  t h i s  unit are channels and creek beds. 

These lands are used primarily for grazing, and hsve aesthetic  value 

5n the landscepe. These lands are  not suited for urban uses because 

of the flooding hazard. They are  nat suited for cultivation i n  that  

they are divider: by stream channels, subject t o  kequent flooding 

aad have highly variable textures. 

Permeability i s  moderate t o  rapid. Availa3le water capacity i s  low 

t o  moderate. Effective rooting depth is 60 inches or  more. Erosion 

hazards are  severe. 

The rangeland vegetation on t h i s  unit  i s  t y p i c a l  o f  the Overflow Range 

Site. 

grass,  Indisn grass,  and blue grania. 

t o  maintain vigor in key f i r sge  species. 

ot  grazing w i l l  help hpro-/e o r  maintaia range condition. 

Dorninsnt grasses are sxitchgrass,  big bluestem, western wheat- 

Controlled grazing i s  necessary 

Peri&ic sunnier defement 

Capability Subclsss: v 1 ~  

Overflow Range Site. 

/-- 

I 



&--Nunn Clay Lom, 0 t o  3 Pcrccnt Slope 

This i s  a deep, well drained s o i l  formed in  calcareous loamy mixed 

--- 

alluvium deposited on terrsccs ,  fans and uplands. Slopes are  nearly 

l e v e l  t o  gently sloping. 

< Included i n  t h i s  u n i t  are Denver. c lay loans and Englewood c lay loams 

on slopes o f  0 t o  3 percent. 

Typically the surface layer i s  very dark grayish brown clay loam about 

8 inches thick.  

c lay  about 18 inches thick.  

c lay loam alluvium extending t o  60 inches or  more. 

The subsoil is dark grayish brown heavy c ley loam or 

The substratum i s  calcareous loam and l i g h t  

Permeability is slow. 

Available water capacity i s  high. 

Effective rooting depth is 60 inches or more, 

Sgrfacc runoff is slow, and wind 
I 

and water erosion hazards are slight. These s o i l s  are  somewhat diff icult  

to  till because of  the clay loem surface ant2 subsoil. 

This s o i l  i s  used f o r  irr igated and nonirrigated cropland, grazing, and 

urban uses. 

Management cancerns i n  irr igated are88 o f  this s o i l  a re  e f f i c i e n t  use of 

i rr igat ion water, and prevefiting s o i l  loss .  

furrow and border irrigation.  

This s o i l  i s  suited t o  



_A- 

_ _  
In nonirrigated cropland areas the main objectives of management are 

conserving moisture and pratecting the t o i l  fiop: erosion. Pract icer  -I- 

6uch 8s stubble mulch t i l l e g e  and incorparating crop residues i n  and 

011 the surface are needed t o  protect surface s o i l  blowing and improve 

water in f i l t ra t ion .  

t o  a minimum. 

wet. 

water in f i l t ra t ion .  

ihe  numbcr of t i l l a g e  operations should be kept 

T i l lage  pans form eas i ly  if the s o i l  i s  t i l l e d  when 

Chiseling or subsoiling breaks up t i l l a g e  pans and improves 

Rangeland vegetation i s  mostly mid-grasses and cool season forbs 

typical  o f  the clayey foothills range s i t e .  Dominant grasses are 

western wheatgrass, green needlegrass, blue grama, buffalo grass,  

Indian r i c e  grass and native bluegrasses. 

fat, small pod vetch, fringed sage and arnica. 

i6 needed t o  maintain vigor i n  key fora,oe species. Periodic summer 

deferment of grazing Kill help improve or maintain range conditions. 

Commo~i forbs are  winter 

Controlled g a z i n g  

Fencing and careful  location of l ivestock watering f a c i l i t i e s  

Improves grazing distribution. 

i 
Windbreaks and ornalnentzl plantings are d i f f i c u l t  t o  estebl ish  on 

t h i s  s o i l  due t o  limited available water. Sunner fallow a year before 

planting and supplemental watering are necessary for t h e  survival and 

establishment of plantings . 



-- - -  ---- 

I 

This soil i s  limited for homesites and roads by high shrink-swell 

potential. 

W f i l l i n g  with more suitable material. 

This can be overcome by special building designs or 

Capability Subclass: IIe, irrigatid. 

Clayey Foothills Range Site. 

IIIs, conirrigated. 
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This i s  a deep, well drained s o i l  on gently sloping a l luvia l  fans 

and valley sideslopes. 

r i a l .  

are gently sloping. 

It formed i n  calcareous clayey a l luvia l  mate- 

The average annual precipitation i s  13 t o  15 inches. Slopes 

Included i n  t h i s  u n i t  are small areas o f  Denver so i l s .  

Typically the surface layer i s  very dark grayish brown c lay loan about 

6 inches thick. The subsoil  is  dark grayish brown heavy c lay  loam and 

c lay  about 14 inches t h i c k  over brown calcareous c lay loan about 

5 inches thick.  

alluvium extending t o  60 inches o r  more. 

The substratum i s  calcareous loam and l ight  c lay loam 

Permeability i s  slow. 

Available water capacity i s  high.  

and water erosion hazards are moderate. 

cult t o  till because o f  the c lay loam surface and subsoils. 

a moderate shrink-swell potential.  

Ef fect ive  rooting depth i s  60 inches or more. 

Surface runoff i s  rapid, and wind 

These s o i l s  are somewhat d i f f i -  

They have 

This s o i l  is used for irr igated and nonirrigated cropland, 

urbon uses. 

grazing snd 

Management concerns i n  irr igated areas of t h i s  s o i l  are  efficient use 

of i r r iga t ion  wster end preventing s o i l  ioss.  

require contmr furrcw or contour border i rr igat ion.  

Slopes on t h i s  u n i t  

c-3-14 
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Rangeland vegetation i s  mostly mid grasses and cool season forbs typica l  

of the clayey footh i l l s  range site.  

grass, green needlegrass, blue grama, buffalo grass,  Indian r icegrass  

and native bluegrasses. 

f2inged sage, and arnica. 

la  key forage species. 

Improve 3r maintain range conditions. 

l ivestock watering f a c i l i t i e s  improves grazing distribution. 

Daminant grasses ere western wheat- 

Commm forbs are winter f a t ,  m a l l  pod vetch, 

Controlled grazing i s  needed t o  maintain vigor 

Periodic summer deferment o f  grazing w i l l  help 

Fencing and careful  location ;rf 

Uindbreaks and ornamental plantings are d i f f i c u l t  t o  establ ish  on t h i s  

$011 due t o  limited available water. 

ing and supplemental watering arc  necessary f o r  the survival and estab- 

lishment o f  plontings . 

Summer fallow a year before plant- 

This soil is l i m i t e d  f o r  homesites and roads by slope and high shrink- 

swell potential .  These can be overcome by compensating measures such 

as special  building designs o r  backfi l l ing with more suitable 

materials. 

Capability Subclass: I I Ie ,  irr igated.  
IIIe, nonirrigated. 

Clayey Foothi l ls  Range S i te .  

C-3-15 
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8C--Nunn Clay Loam, 5 t o  9 Percent Slope 

/- 

This is a deep, well drained s o i l  on moderately sloping valley sideslopes 

a d  ridges. The average annual 

precipitation i s  about 15 inches. 

It formed i n  calcareous cleyey alluvium. 

Slopes are moderately sloping.' 

Included i n  t h i s  uni t  are  small areas of Denver clay loam on 5 to  9 per- 

cent slopes. 

Typically t h e  surface layer i s  very dark grayish brown c lay loam about 

5 inches thick.  The subsoil i s  dark grayish brown heavy c lay loam and 

c lay  about 14 inches t h i c k  over brown calcareous clay loam about 5 inches 

thick. 

extending t o  60 inches or  more. 

The snbstratum i s  calcareous loam and light clay loam alluvium 

Permeability i s  6 1 O W .  

Available water capacity i s  high. 

hazard is high and wind erosicn hazard is  malerate. 

what d i f f i c u l t  t o  till because of the c lay loam surface and subsoil  

textures. They have a moderate shrink-swell potential.  

Ef fect ive  rooting depth i s  63 inches or more. 

Surface runoff i s  rapid, water erosion 

These s o i l s  are some- 

This s o i l  i s  used for irr igated and aonirrigated cropland, grazing and 

urban uses. 

Management concerns i n  i rr igated areas of t h i s  s o i l  are e f f i c i e n t  use o f  

i r r iga t ion  water and preventing s o i l  loss.  

Contour furrow or contour border i r r i p t i o n .  

Slopes on t h i s  unit require 

L 
. I  
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In nonirrigated cropland areas the main o0,jectives of management are  

conserving moisture 8nd protecting the x o i l  fram erosion. Practices 

such as  stubble mulch t i l l a g e  and incorporating crop residues i n  and 

on the surface are needed t o  prctect  surface s o i l  blowing and improve 

water in f i l t ra t ion .  

to a minimum. 

The number o f  t i l l a g e  operations should be kept 

Ti l lage  pans form eas i ly  if t h e  s o i l  3s t i l l e d  when wet. 

subsoiling breaksup t i l l a g e  pans and improves water in f i l t ra t ion .  

Chiseling or 

i 

Rangeland vegetation is mostly midgrasses and cool season f o r t s  typical 

o f  the clayey footh i l l s  range site. 

grass, green needlegrass, blue grama, buffalo grass,  Indian r i c e  grass 

and native bluegrasses. 

sage and arnica. 

forage species. 

maintain range conditions. 

vatering f a c i l i t i e s  improves grazing distribution. 

Ulndbreaks and ornamental plantings are diff icult  t o  establ ish  on tMs 

soil  due t o  limited 8V8ilable water. 

planting at;l supplemental watering are  necessary for the survivel and 

esbblishment o f  p l a n t i q s  . 

bminant grasses are western wheat- 

Common forbs are winter fa t ,  small pod vetch, fringed 

Controlled grazing i s  needed t o  maintain vigor i n  key 

Periodic summer deferment o f  grazing w i l l  help improve o r  

Fencing and careful  locacion o f  l ivestock 

Summer fallow ti year before 

This s o i l  i s  l imited f o r  homesites and road6 because o f  hieh shrink- 

8vell potcntial and slope. This can be overcome by special  building 

designs o r  backf i l l ing with more suitable material. 

C-S-17 
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CaTability Subclass: IVe, irrigated. 
JVe, nonirrigateb. 

Clayey Foothills Range Site .  

C-3-18 



This i s  a deep, well drained soil on upland h i l l s ,  ridges and side- 

rlopes. It formed i n  calcareous, clayey alluvium. 

Included I n  t h i s  u n i t  are i w l l  areas of Kutch clay l o a  i n  crePt 

positions on slopes of 5 t o  9 percent. 

Typically the surface layer is grayish brown clay loam a b u t  4 inches 

thick. 

brown calcareous clay i n  the lower part. 

very pale brown c l a j  loam that is strongly calcareous extend4ng t o  

a depth of 60 inches or more. 

The subsoil i s  about 30 inches t h i c k  brown clay v i t h  pale 

The unaerlying material i s  

Perme&bility i s  slow. Avaiiable water capacity is high. Effectiuz 

rooting deFth i s  60 inches or more. 

weter and wind srosion hazard is moderate. These soils have a high 

rhrink-swell potential. They are  moderately alkaline. 

Surface runoff is moderate, ard 

This s o i l  i s  used for irrigated and nonirristed croplaad and grazing. 

Clayey surface and subsoil layers make t i l lage  d i f f i cu l t .  

Management concerns i n  irrigated areas o f  this soil are e m c i e n t  

w e  of irrigation water and prevensing s o i l  loss.  Slopes or, this  

unit require contour f l r r r o w  or contow border irrigation. Shorter 

irrigaticn runs arb smaller ewunts of water are needed t o  m i n d i x  soil 

loss. 

C-3-19 
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In nonirrigated areas,  the main concerns of management are  conserving 

moisture and protecting t h e  s D i l  from erosion. 

stripcropping perpendicular t 3  the  prevailing wind, and leaving 

stubble mulch on soil  not protected by a growing crop w i l l  help to  

prevent Kind erosion. 

surface i s  also an e f fec t ive  means of improving s o i l  t i l t h  and con- 

serving available moisture. 

Practices such a s  

Incorporating crop residues i n  or  on the 

Rangeland vegetation is mostly mid grasses and coo1 season forbs 

t y p i c a l  o f  the Clayey Foothi l ls  Range Site.  Doainant grasses are 

western wheatgrass, green needlegrass, blue pama,  buffalo grass,  

fndlan r icegrass ,  and native blueqrasses. Cmnon forbs are  winter- 

f a t ,  small pcd vetch, fringed sago, and arnica. Controlled grazing 

is needed t o  maintain vigor i n  key forage species. Periodic surmer 

deferment o f  grazing w i l l  help improve 32' maintain range conditions. 

Fencing and careful  location o f  l ivestock watering f a c i l i t i e s  improve 

grazing distribution. 

Windbreaks and ornamental plantings are  d i f f i c u l t  t o  establ ish  on t h i s  

s o i l  dae t o  limited available water. Summer fallow n year before 

planting and supplemental watering are necessary f o r  the  survival 

and establishment o f  plantings. 

\ 
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This s o i l  has moderate limitations for hmesites and roads due t o  

slope and high shrink-swell potential.  These problems m6y be 

overcome with special designs and measures such as backfilling. 

Soi l  loss t o  erosion during canstruction can be minimized by em- 

ergency t i l l a g e  or nulching. 

Capability Subclass: IVe, irrigated.  

Clayey Foothills  Range Site.  

IVe, nonirrigated. 

i 
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Ilk--Englewood Clay Loam, 0 t o  3 Percent Slopes 

This i s  a deep, well drained s o i l  forming on gently sloping a l luvia l  

fans, flood plains and drainage ways. 

a l l u v i a l  parent materials weathered frm sedimentary rock. 

annual precipitation is 13 t o  15 inches. 

g e n t 4  sloping. 

It formed i n  calcareous clayey 

Average 

Slopes are nearly leve l  t o  

Included i n  t h i s  unit  are small ar?as of Denver c lay loam on slopes 

of 0 t o  3 prrcent. 

Typically t h e  surface layer is very dark grayish brown clay loam about 

5 inches thick.  

25 inches t h i c k .  

visible calcium carbonate concretions extending t o  depths of 60 inches 

or more. 

The subsoil i s  very dark grayish brown clay about 

The substratum is ol ive  gray heavy c lay loam with 

Permeability is slow. Effect ive  rooting depth i s  60 inches or  more. 

Availabie water capacity is hign. 

erosion hazard and wind eros im hazards are s l i g h t .  

subject  t o  occasional flooding during spring and summer months. 

Surface runoff is rapid, water 

These s o i l s  are 

This s o i l  i s  used f o r  irrigated and canirrigated cropland, range and 

urban uses. Ti l lage  m y  be d i f f i c u l t  due t o  the amaant o f  cl?y i n  the 

soil, and operations should be kept t o  a minimum t o  prevent coapaction. 

C-3-22 . 
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Mmagernent concerns i n  irr igated areas o f  t h i s  s o i l  are effecient use 

of i rr igat ion water arid meacures t o  prevent s a l t  buildup. 

i r r iga t ion  only when needed w i l l  prevent excess upward s a l t  movement,. 

These s o i l s  arc suitkble for border and furrow irrigation.  

Using 

In  nonirrieated areas,  the main concerns o f  management are  conserving 

moisture and protecting the soil fro= erosion. 

stripcropping perpendicular t o  t h e  prevailing wind and leaving stubble 

mulch on soil not protected by a growing crop help t o  prevent wind 

erosion. Incorporating crop residues i n  or on t h e  surface is  also 

an ef fec t ive  means o f  improving s o i l  t i l t h ,  conserving moisture, and 

protecting scil .  

Practices such a s  

Rangeland vegetation i s  mostly midgrasses and cool  season forbs,  typic61 

of the  Clayey Faoth i l l s  Ran S i te .  

grass, green needlegrass, blue grama, buffalo grass ,  Indian r icegrass ,  

axxi native blnegrasses. Coumon forbs are winter f a t ,  small pod vetch, 

fringed sage, ond arnica. Controlled grazing is needed t o  maintain 

vigor in key forage species. 

w i l l  help imp1*ove or maintain range conditions. 

locat ion of l ivestock watering f a c i l i t i e s  improves grazing distribution.  

Dominant grasses are  western wheat- 

Periodic summer deferment o f  grazing 

Fencing and careful  

Uindbresks and ornamental plantings are d i f f i c u l t  t o  establ ish  on t h i s  

6011 due t o  limited available water. 

ing and supplemental watering are necessary f o r  the survival and estab- 

Summer fallow a year before plant- 

lishment of plantirlgs. 



This s o i l  i s  limited for homesites and roads by high shrink-S"l1 

potential. This can be overc3mC by compensating measures such 8s 

speci.:l building designs or backfilling with more suitable materials 

Clayey Foothills Range Site. 
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28--Uidway Clay barn, 5 t o  28 Percent SloDe 

This s o i l  consists  o f  shallow, well drained s o i l s  on upland ridges, 

knobs and sideslopes. 

derived from interbedded shale. 

moderately steep. 

It formed i n  mildly a lkal ine ,  loamy materials 

Slopes ore moderately sloping t o  

In a representative prof i le  the surface layer i s  a grayish brown, 

mildly alkaline c lay loam about 4 inches th ick .  

material  is  a l i g h t  o l ive  brown, mildly alkaline c lay loam about 

10 inches thick.  

shale.  

The underlying 

A t  a depth of about 14 inches i s  an interbedded 

Permeability i s  moderate. 

and available wster capacity i s  low. 

rapid. Erosion hazards are severe. 

Effective rooting depth i s  9 t o  20 inches 

Surface runoff ts  medium t o  

This s o i l  i s  best suited for grazing. 

of grasses and forbs typical  o f  the shaley footh i l l s  range site. 

management pract ices  such a s  deferred grazing and proper grazing use 

are essent ia l  i n  maintaining forage production. 

The netive vegetation consists  

Range 

S o i l  depth an& slope are severe l imiting features when considering 

these s o i l s  for homesitcs, roads and urbaizat ion.  

Capability Subclass: VIIe. 

CLayty Foothi l l  iiange Site. 
$ 
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X4l--Denvcr-Kutch-Midwa~ Soils, 9 t 3  25 Percent Slope 

These strongly sloping t o  moderately steep s o i l s  are on upland ridges 

and valley side slopes bordering drainage ways. Aieas are divided by 

many secondary drainage ways. 

from 13 t o  17 inches. 

of t h e  unit ,  Kutch clay loam about 25 percent and Mldway c lay loam 

ebout 15  percent. 

posit ions w i t h  slopes of 9 t o  18 percent. 

c r e s t  slope positions wi th  9 t o  25 percent sl$es. 

are on steeper knob-like areas w i t h  slopes o f  18 t o  25 percent3 where 

shale l i e s  near the surface,and comcnly have 5 t o  25 percent cobble 

mattered on the surface. 

The average anmal precipitatioc range6 

Denver clay loam s o i l s  make up about 60 percent 

The Denver s o i l  is on mid-slope and foot slope 

The Kutch soils are on 

The Midway soils 

Included i n  t h i s  u n i t  are smal l  areas w i t h  slopes of 25 t o  35 percent. 

The Denver s o i l  is a deep, well drained s o i l .  It formed i n  calcare3u8, 

clayey alluvium. 

Typically the surface layer is grayish brtwn c lay loam about 5 inches 

thick. 

careous i n  the  lower part. The underlying material i s  very pale brown 

clcy loam t h a t  is strongly calcareous extending t o  a depth of 60 3nches 

or m3re. 

The subsoil  it about 22 inches t h i c k ,  brown c lay and I s  cal- 

Permeability is slow, available water capacity i s  high. Effective rooting 

&p%h is.60 inches or rn3re. 

l e  high. 

9vrface runoff is rapid and eroslon hazard 
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The Kutch s o i l  i s  a moderately deep, well drained soi l .  

in calcareous, clayey materials weathered from shale. 

It formed 

Typically the  surface layer i s  grayish brown c lay loam about 4 inches 

th ick .  

c l a y  about 17 inches thick. 

loam obout 12 inches thick.  

inches. 

The subsoil  i s  dark grayisb brown and l ight  brownish gray 

The substratum layer i s  l ight  gray clay 

Soft  shale i s  a t  a depth o f  about 33 

Permeability i s  slow. 

Available water capacity i s  moderate. 

erosion hazard i s  high, and wind erosion hazard is moderate. 

Ef fect ive  rooting depth is 20 t o  40 inches. 

Surface runoff i s  rapid, water 

The Midway s o i l  i s  a shallow, w e l l  drained soil. 

a lka l ine ,  c lay loam materials derived from shale. 

It formed i n  mildly 

Typically the surface layer i s  a grayish brown, mildly alkaline c lay 

loam about 4 inches thick.  The underlying material is a l i g h t  ol ive 

brown, mildly alkaline c lay loam abaut 10 inches thick. 

of' about 14 inches i s  an interbedded shale. 

A t  a depth 

Permeability i s  moderate. 

Available water capacity i s  low. Surface rurtoff i s  rapid. Weter 

erosion hazard is high. 

Ef fect ive  rooting depth i s  9 t o  20 inches. 
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These soils are  used mainly f o r  grazing. They are not suited f o r  

cropland. 

Rangeland vegetation of t h i s  unit consists o f  grasses typical  of t h e  

Clayey f o o t h i l l s  range s i t e .  

SS needed on t h i s  unit t o  preverit depletion because it is difficrllt  

t o  revegetate. 

t o  help improve o r  maintain range conditions. 

location o f  l ivestock watering f a c i l i t i e s  improve grazing distribution. 

Careful attention t o  proper grazing use 

Periodic deferment of grazing i s  an ef fect ive  practice 

Fencing and careful  

Windbreaks and enviromental plantings are generally not  suited on t h i s  

unit. 

feas ible .  

On-site investigation i s  needed t3 determine if plantings 3re 

The primary l imit ing soil properties for homesites, urban developments 

and roads are  slope, shrink-swell potential ,  slow permeability, and 

depth t o  bedrock i n  areas o f  midway and Kutch mils .  Intensivc acd 

c o s t l y  compensating measures arc needed t o  minimize these limitiirg 

properties.  

Capability Subclass: ViIe, nonirrigated. 

Clayey Foothi l ls  Rmae S i t e  (Denver and Kutch Soi ls )  
Stxily Foothi l ls  Range S i t e  (Mjdway Soi l s )  
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41P-Kutch-Denver Complex, 9 t o  18 Percent Slopes 

These strongly sloping t o  maderately steep soils  are on uplands and 

valley aideslopes. 

Kutch clay loam, 9 tc  18 percent slopes, nukes up ebout  45 percent o f  

the u n i t ,  and Denver clay loam, 9 to  18 percent slopes. makes up a b u t  

35 percent o f  the u n i t .  The Kutch soi ls  are on ridge crests and shale 

break areas where shale i s  wi th in  40 inches of  the surface. The Denver 

r o i l s  are i n  midslope and footslope positions where clayey alluvium locally 

wathered from shale has been deposited. 

The average annual precipitation is about 15 inches. 

Included are small areas o f  Nunc clay loams on 5 t o  9 percent slopes i n  foot 

slope positions. 

occur i n  nidslope and ridge crest positions on 9 t o  25 pcrcent slopes. 

Some shale exposures occur due t o  severe erosion ir, the uni t .  

A few shsllow Kzdway clay loams and shs:e otttcraps 

The Denver s o i l  is  a deep, well drained soil .  

clayey alluvium. 

It formed i n  calcareous 

Typically the surface layer is grayish brown clay lorn about 5 inches 

thick. 

%n t h e  lower part.  

pale brown clay loem extending t o  60 inches or mme. 

The subsoil is brown clay about 22 inches thick and is calcareous 

The underlying leaterial i s  strongly calcareous very 

Perzneability i s  slow. 

Available wster capacity is high. 

Effective rooting depth i s  60 inches or more. 

Surface r u n i f f  os rapid, water erosion 

hazard is high,  and wind erosion hazard is mocierate. 

I 
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The Kutch soil is a moderately deep, well drained so i l .  It form& 

in calcareous clayey materials weathered f’ram shale. 

Typical@ ulc surirrce Myer is grayish brown clay loam abcut 4 inches 

thick. The subsoil  i s  dark grayisb brown and l i g h t  brownish gray clay 

about 17 inches thick. The substratum layer i s  l ight  gray c lay loam 

about 12 inches thick. Soft shale is at a depth of about 33 inches. 

Permeability i s  slow. Effective rooting depth i s  20 t o  40 inches. 

Available water capacity i s  moderate. Surface runoff is rapid, water 

erosion hazard i s  high,  and wind erosion hazard i s  moderate. 

Thes? s o i l s  are used mainly for grazing. They tire not su i ted  for  c r o p  

land. Areas i n  croplarid are best reseeded t o  grass. 

The rangeland vegetation of t h i s  uni t  consists  of grasses typical  of the 

clayey f o o t h i l l s  range s i t e .  Proper grazing use is necessary t o  prevent 

depletion of range because it i s  d i f f i cu l t  t o  revegetate. Periodic 

defennent of grazing i s  an effective practice t o  help improve or rnain- 

tain range conditions. Fencing and careful location of l ivestock water- 

ing f a c i l i t i e s  improves grazing distribution. 

Windbreaks and environmental plantings are diff icult  t o  establish on t h i s  

unit .  

w i l l  be necessary for thc? survival o f  plsntings. On-site investigations 

art needed t o  determine site sui tabi l i ty .  

Summer fallow a year before planting and supplemental watering 

I / 
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The primary limiting soil properties fo? homesites, urban development6 

and roads are slope, shrink-swell potential, slow permeability and 

depth to bad rock. 

there limitations. 

Compensating measures are necessary to overcome 

Capability Subclass: VIe, nonirrigated. 
Vie, irrigated. 

Clayey Foothills Range Site. 
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SQA--Nedcrland Cobbly Gravelly Sandy Imm,  0 t o  3 Percent SI= 

Thio is & deep, well clrained s o i l  on old high trrraces end fans. 

in calcareous, gravelly and cobbly loamy alluvllm. 

precipitation i s  about 1 5  inches. 

It forzed 

The average annual 

Slopes are nearly t o  gently slaping. 

Included in t h i s  u p i t  are  small nreas of Valmont cobbly clay loaa and 

Nunn c lay  loam, a l l  on slopes o f  C t o  3 percent. 

Typically the surface layer i s  grayish brown, cobtly san9y loam about 

4 inches t h i c k .  

loam about 6 inches thick. 

cobbly sandy loam about 8 inches t h i c k  and the lower part is l i g h t  brom 

calcareous, cobbly gravelly sandy loam. 

cobbly, gravelly loam extending t o  60 inches or mre. 

ranges from 50 t o  75 percent by volume. 

The upper part  of the subsoil  is brown cobbly sandy 

The middle part o f  the  subsoil is a brown 

The substratum it calcarecus, 

Percent o f  cobble 

Permeability i s  moderate. 

Available water capacity is moderate. 

hazards are s l i g h t .  

Effective rooting depth is 60 inches or more. 

Surface runoff i s  slow and erosian 

This soil i s  used almost ent ire ly  for grazing. 

for building s i t e s  and roads. 

and scattered throuqhout the profi le  l i m i t  the uses o f  t h i s  so i l .  

not suited f o r  cult ivation.  

Sane smal l  areas are used 

The large amount of cobble on the surface 

It 1s 
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Rangeland vegetation of t h i s  s o i l  is t y p i c a l  o f  t h e  cohbly f o o t h i l l s  

range s i te  c c n s i s t i n g  mainly o f  Big bluestem, l i t t l e  bluesten, side- 

oats grama, mountain muhly, blue grama, switch grass ,  winged tuck- 

wheat and nailwort. 

q u e l i t y  of des i rab le  veyecation. 

ment, fencing and deferred grazing help improve an6 maint.:in range 

condition. 

Fropcr grazing is needed t o  maintain quzatitg &a3 

Combinations o f  stockwater develop- 

Windbreaks hnd environmental plantings a r e  d i f f i c u l t  t o  es tab l i sh  on 

these  s o i l s .  Limited a v a i l a b l e  water and the large  amount cobble 

a r e  t h e  p r i n c i p a l  Concerns i n  e s t a b l i s h i n g  t r e e  and shrub plactings.  

S p e c i a l  c a r e ,  cons is t ing  o f  summer fa l law a year i n  advance cf planting 

and supplemental water,  i s  needed t o  insure e s t a b l i s h l e n t  and survival  

of plant icgs .  

The large  amount o f  cobble and large  stones a r e  t h e  primary liariting 

$ o i l  proper t ies  for building s i tes ,  urban development and r o e s .  

Capabi l i ty  Subclass: VIIS. 

! Cobbly F o o t h i l l s  Rhnge S i t e .  
I 
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PE-Nederland Cobbly Gravelly Sandy LDarn, 9 t o  45 Percent Slopes 

This i s  a deep, well drainrd s o i l  on old high terraces ,  side slopes 

and fans. 

The average annual precipitation is about 15 inches. 

It formed i n  calcareous, cobbly and gravelly laamy alluvium. 

Slopes are  strongly 

3 

i 

8lOping t o  steep. 

Included i n  t h i s  unit are small areas o f  Valmont cobbly c lav loam on 

slopes of 9 t o  18 percent i n  toe slspe pasitions. 

Typically the surface layer i s  grayish brown cobbly sandy loam about 

4 inches thick.  The upper part. o f  t h e  subsoil  i s  a brom cobbly sandy 

loem about 12 inches t h i c k .  The lower part o f t h e  subsoil  i s  l ight  

brown calcareous, cobbly gravelly sandy lopm. The substratum is 

calcareous, cobbly gravelly loam extending t.- 60 inches or mare, 

3ercent o f  cobble rarges from 50 t o  75 perccnt,  by volume. 

h m e a b i l i t y  i s  moderate. Ef fect ive  rooting depth is 60 iiiches or 

more. Available water capacity i s  moderate. Surface runoff i s  rapid. 

Water erosion hazard i s  severe and wind erosion hazard is slight. 

This s o i l  is used 8 l m O S t  entirely f o r  grazing. Some small areas 8re used 

for building sites and roads. This soil is nat suited f o r  cultivation. 

The lerge amsmt of cobble on t h e  surfcce end scattercd throcghotit the 

profilc and slo2e l in i t  the uses o f  t h i s  soil. 
f, 

-- - 

._-- . \ . . .  
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, Rangeland vegetation o f  t h i s  s il i s  typica?. o f  t h e  cobbly footh i l l s  

range sgte,  consisting mainly o f  big bluestem, l i t t l e  bluestea, side 

oats grama, mountain muhly, blue grams, switch grass ,  winged buckwheat 

ant2 n a i l  wart. 

quality o f  desirable vegetation. 

fencing and deferred grazing help improve and maintain range condition. 

- 
Proper grazing Is  ne6ded t o  maintain quantity and 

Combirietion o f  stockwater development, 

Windbreaks and envirmmental plantings are d i f f i c u l t  t o  establ ish  on these 

s o i l s .  

principal  concerns i n  establishing t r e e s  and shrubs. 

consisting o f  summer fallow a year i n  advance of planting and supple- 

mental water, is needed t o  insure establishment arid survival o f  plantings. 

Limited available water and the large amount o f  cobble are the  

Special care,  

The large amount o f  cobble and stones, and slope a r e  the primary limiting 

factors for  building s i t e s ,  urban development and roads. 

Capability Subclass: VIIe, nonirrigated. 

Cobbly Footh i l l  Range S i te .  

I 
I 
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>U--Valmont Gravelly Clay Loam, 0 t o  3 Percent Slopes 

This deep, well  drained s o i l  i s  located on old high terraces end benches. 

It formed i n  gravelly and cobbly loamy alluvium. Average annual precipi- 

t a t i o n  ranges from 13 t o  15 inches. 

Ito P. 

Average annual a i r  temperature is 

Slopes are nearly Level t o  gently sloping. 

. 

- 

Included are  small. areas of Nederland cobbly grzvelly sandy loam, 0 t o  

3 percent slopes, and Nunn c l e y  loam, O b  3 percent slopes. 

Typically the surface lay& i s  very dark grayish-brown gravelly c lay 

loam about 8 inchea thick.  

or gravelly c lay about 14 inches t h i c k .  The underlying layers are cal-  

careous, l i g h t  brown gravelly loams and cobbly gravelly loarns extendjng 

t o  60 inches or more. 

The subsoil  is dark brown gravelly clay loam 

Permeability i s  moderately slow. 

or more. Available water capacity is moderate. Surfatc runoff is 

medium. 

Effect ive  rooting depth is 60 inches 

The wind and watcr erosion hazard 5s s l i g h t  t o  moderate. 

This s o i l  is used mainly for  grazing. 

nonirrigated and irrigated cropland. 

cobbles and gravels. 

Some sEall  areas are  used for 

Ti l lage  i s  d i f f i c u l t  due t o  

. 
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Rangeland vegetation i s  mostly cool  season grasses and forbs ,  as 

typical  o f  the Cobbly Foothi l l  Range S i t e .  Daninant grasses are 

mountain muhly, blue grama, big bluestem, l i t t l e  bluestem, june- 

grass ,  sideoats grama, western wheatgrass, red threeawn, Indian 

grass,  an3 switchgrass. Comon forbs a r c  a s t e r ,  hairy gold a s t e r ,  

wild a l f a l f a ,  blazing s t a r ,  sandwort and cudweed sage. Controlled 

grazing i s  needed on these s o i l s  t o  maintain the key forage species 

in go& vigor. 

the objectives o f  range improvement for maintenance o f  optimum range 

Periodic summer deferment i s  benef ic ia l  i n  reading 

conditions. 

improves grazing distribution. 

Fencing and careful  location o f  l i . iestock watering areas 

Management concerns i n  nonirrigated areas are  conserving moisture 

and protecting the s o i l  from erosion. 

cropping perpendicular t o  the prevailing wina.and leaving stabble 

on soil  not covered with a growing crop help t o  prevent wind ercsion. 

Incorporating crop residues i n  and on the  surface i s  a l s o  an effec-  

t i v e  means o f  improving s o i l  t i l t h  and increasing moisture. 

Pract ices  such a s  strip 

I n  i rr igated areas,  the  principal  concerns of management ere e f f i c i e n t  

u8e of i r r iga t ion  water and controll ing s o i l  loss. 

sui table  for border and furrow i rr igat ion.  

These s o i l s  a t e  



-.. ._ 

Windbreaks end ornamental plantings are  d i f f i c u l t  t o  es tabl ish  

on this soiL, due t o  limited available water. 

advance o f  planting and supplemental watering a r e  necessary for the 

survival  and establishment of plantings. 

SUpyper fallow 8 year In 

This soil has only minor limitatians f o r  homesites and roads. 

and stones may hamper heavy equipment somewhat. 

Cobbles 

Capability Subclass: IIIc, nmirrigated.  

Cobbly Foothi l ls  Range S i t e .  

IIIe, i r r igated .  



52D - Unnamed (Rocky Fla ts )  gravelly L33p., 9 t o  28 Percect Slapes 

This i s  a deep, well drained s o i l  on knobs and h i l l s i d e s  o f  outwash 

terrace  r:mnents. It formed in  calcareaus, cobbly, loamy alluvium. 

Average annual precipitation i s  $bout 15 inches. 

s lc2ing t o  moderately steep. 

S l w e s  are  strmgly 

Included are small a r e a  o f  the Denver c lay loam and Kutch c lay loam 

s o i l s  on sideslopes and occasional areas underlain by shale and sand- 

stone a t  depths o f  10 t o  20 inches on knsb-like areas. 

Typically the  surface layer i s  very dark grayish brc-m loem about 

3 inches t h i c k .  The subsoil  i s  very dark greyish brown c lay loem 

about 9 inches t h i c k  and i s  calcsreous i n  the  lover part.  

stratum is very pale brom massive calcareous gravelly sandy loam 

extending t o  50 inches. 

The sub- 

Permeability i s  maderate. 

more. Available water capacity i s  moderate. Surface runoff i s  medium 

t o  rapid, and wind and water erosion hszards are  maderate t:, severe. 

Effective rooting Ccpth is 60 inches o r  

This s o i l  i s  used mainly far grazing. 

layers l i m i t  t h i s  s p i l  f o r  cu l t iva t i+~n .  

Steep slopes and gravelly surface 

c-3-se 



Rangeland vegetation Is mostly cool  season gzerses and forbs,  typica l  

of the  Cobbly Footh i l l  Range Site .  

muhly,  blue grama, b i g  bluestem, l i t t l e  bluestem, junegrass, sideoats 

grama, western wheat.grass, red threeam, Lidian grass and switchgrass. 

Common forbs are  a s t e r ,  hairy goldaster,  wi ld  a l f a l f a ,  blazingstar,  

sandwort and cudweed sage. 

to  maintain vigor i n  key forege species. 

grazing w i l l  help improve o r  maintain range condition. 

careful  location o f  l ivestock watering f a c i l i t i e s  improves grazing 

distribution.  

Dominant grasses are  mountain 

Controlled grazing i s  needed on these s o i l s  

Periodic s m e r  defermcnt of 

Fencing and 

Windbreaks and ornaments1 plantings are d i f f i c c l t  t o  establ ish  on t h i s  

s o i l  due t o  limited svailable water and sal ini ty .  

before planting and supplemental watering a r e  necessary f o r  the  survival 

and establishment o f  plantings. 

Summer fallow a year 

The construction of roads and buildings on t h i s  soil unit is l i laited by 

steep slopes and cob5les, and w i l l  require compensating designs. 

loss due t o  erosion during construction should be minilcized whenever 

possible. 

S o i l  

Capabtlity Subclass: VIe, irr igated.  

Cobbly Foothi l l s  Ranq? Si te .  

VIe, nonirrigated. 
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X52-Unnamed (Rocky Flats)--Nunn Complex, 5 t o  9 Percent Slope 

These moderately sloping s o i l s  are on upland ridges, sideslopes and 

h i l l s .  The average annual precipitation is about 1 5  inches. The 

unnamed (Rocky F la ts )  gravelly lo&, 5 t o  9 percent slope makes 

up about 55 percent o f  the u n i t .  

Slopes makes up about 35 percent. 

ore on cres ts  o f  ridges and h i l l s .  

foot  slope positions. 

The Nunn c lay loam, 5 t o  9 percent 

The unnamed (Rocky Flats) s o i l s  

The Nuln s o i l s  are on mid and 

Included i n  mapping are small areas o f  Denver c lay loam s o i l s  and 

Kutch c lay loam, all or1 slopes of 5 t o  9 percent. 

Unnamed (Racky F la ts )  is a deep, well drained s o i l  on knobs and h i l l s ides  

of outwash terrace remnants. 

alluvium. 

It formed i n  calcareous, cobbly, loamy 

Typically the surface layer i s  very derk grayish brown gravelly l o a m  about 

3 inches thick. 

9 inches thick and is calcareous i n  the lower part. The substratum i s  

very pale brown calcar  us gravelly sandy loam extending t o  60 inches. 

The subsoil  i s  very dark grayish brown c l a y  loam about c 

I 
i 

Permeability is mcxlerate. Ef fect ive  rooting depth i s  60 inches or mare. 

\ Available water capacity is moderate. Surface runoff is  medium t o  rapid, 

end wind and water erosion liezards are moderate. \< 

The Nunn s o i l  i s  e deep, well drajned s o i l  fomed on motZerately sloping 

a l l u v i a l  fans and ridges. 

parent material. 

it formd i n  calcareous, c l a w g  al1.uvial . .  

C - X - A l  
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Typically the  aurface hycr  is a very dark brown c lay lacam about 5 inches 

tuck. The subsoil  is very dark grayish brown heavy c l a y  loam about 

14 bche8 tb ick  over brown calcareous c lay  loam about 5 inches t h i c k .  

Tbe substratum i s  yeAlowish brown calcareous c lay loam extending t o  

60 inches or mare. 

Permeability is slow. Effect ive  rooting depth i s  60 inches or more. 

Available water capacity is high. 

and water erosion hazards are moderate. 

Surface runoff i s  rapid, and wind 

This s o i l  i s  somewhat di f f i -  

cult t o  fill because o f  the clay loam surface and subsoil  layers.  

They have a moilerste shrink-swell potential.  

These s o i l s  are used mainly for  grazing. 

i rr igated and i rr igated cropland. 

plants and gazing. 

Some areas are used f o r  non- 

They are best suited f o r  native 

The rangeland vegetation o f  t h i s  unit consists  o f  grasses typical o f  

the cobbly footh i l l s  range site on the unnamed (Rocky Flats) s o i l  and 

clayey foothi l ls  on the N u n  clay 1031~ so i l .  

necessary t o  prevent depletion of range. 

Proper grazing use i s  

Periodic deferment of grazicg is 

an emect ive  pract ice  t o  help improve or maintain range conditions. 

Fencing and careful location o f  l ivestock wster f a c i l i t i e s  improves grazing 

distributian.  
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Windbreaks and enviroriental plantings are difficult to establish 

on t h i s  unit. 

watering are necessary for the establishent and survival of  plantings. 

Summer fallow a year before planting and supplemental 

The primry limiting soil propertie; for h~meSiteS, urban developments 

and roads are shrink-swell potential and slow permeability of the 

Nmn soil. 

Capability Subclass: n e ,  nonirrigated. 

Cobbly Foothills Range Site - Unnamed (Rocky Flats) soil. 
Clayey Foothills Range Site - Nunn Clay Loam Soil. 

IVe, irrigate&. 



23D.-MMeretely Steep and Steep Gravelly Land, 15 t o  45 Percent Slopes 

/ 
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These moderately deep well drained s o i l s  are on crest  slopes and knobs. 

They are forming i n  cobbly and gravelly calcareous loamy a l l u v i m  

overlying shale. Average annual precipitation is 15 inches. 

moderately steep and steep. . 
Slopes are 

Included &re small areas o f  Heldt clay loems snd Midway clay loams and 

shale exposures. 

This land type is s t r a t i f i e d  and highly  variable. 

40 percent waterworn cobbles arid gravels. I n  most places the surface 

layer is a t h i n ,  dark colored gravelly sandy loam about 3 inches t h i c k  

ranging t a  cobbly c lay loam. The mderlying meterial ranges from gravelly 

sandy loam t o  cobbly c lay loam. Shale or  par t ia l ly  consnlidated cal- 

careous gravelly a l luvia l  material occurs between depths of 23 acd 1iO 

inches. 

It contains 15 t o  

Permeability ranges from moderate t o  slow. Availnble water capacity is  

moderate. Runoff is rapid. The potential  for  water erosion i s  h igh ,  and 

for wind erosion i s  s l i g h t .  The surface horizons a;, neutral i n  reaction,  

and the substratum i s  s l i g h t l y  t o  maderately alksl ine.  

This soil i s  genera:ly i n  native vegetation and used for  grazing. The 

major l i m i t i n g  factor o f  t h i s  soil unit i s  slQpe. 

Capability Subclass: VIIe,  nanirrigateci. 

.Cobhly Foothi l ls  Range S i te .  
.* 



YO--ArE:iustcills, Wet, Seeped, 5 t 3  12 Percent Slopes 

These a r e  deep, somewhat poorly dreined s o i l s  on upland sideslopcs.  

Tbey a r e  formed i n  loamy and c i a y  loam a l l u v i a l  deposits  t h a t  a r e  sub- 

J e c t e d  t o  a seepage condition. 

15 inches. ‘ S l s p e s  a r e  msderately sloping. 

A n n u s l  average p r e c i p i t a t i o n  is about 

Included i n  t h i s  u n i t  e r e  Kutcn  c l a y  loams snd Denver c l a y  loam soil$ 

on 5 t o  9 percent slopes. 

Permeability i s  slow. Effective r m t i n g  CeptS i s  60 inches o r  more. 

AvPilable water capac i ty  i s  high.  Surface rurLoff i s  moderate. Wind 

erosion hszard i s  s l i g h t ,  and water erosion h3zar5 i s  moderate. 

T h i s  s o i l  u n i t  i s  o f  small e x t e n t ,  and i s  used mainly f o r  grazing. 

The s o i l  is not su i ted  t o  c u l t i v a t i o n  due t o  wetness. 

The rangeland vegetation is dominated by t a l l  g r a s s e s ,  p r i n c i p a l l y  

.witchgrass, Indian g r a s s ,  b i g  bluestem, and csrdgrass.  Sedges and 

rushes occur,  bilt  predaminste o ~ l y  uhere water i s  a t  CT near t h e  

surface most of t h e  year. 

i?lg shrubs such a s  wild r o s e ,  a r e  s c a t t e r e d  i n  the  uni t .  

A v a r i e t y  o f  other grasses  and f o r b s ,  includ- 

C a t t a i l s  

snd bulrGshes a r e  on swampy. spots.  Ground cover i s  60 percent or more. 

Controllo3 qrezing is necessary t o  msintein vigor i n  key farage species. 

P e t i d i c  swirner deferment o f  grazing w i l l  help improve or maintain range 

condition. Fencing and a l t e r n a t i v e  l i v e s t o c k  water and s a l t  a r e a s  w i l l  

help prevent l i v e s t x k  c o n c c n t r a t i m s  i rl these wet areas.  
, 

\ 

C-3-45 
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This soil  is severely limited for hmesites and roads due t o  wetness, 

high shrink-swell potential and slope. Costly capensattng engineer- 

lag meesures are necessary t o  overcome these limitations. 

Capability Subclass: IW, Nonirrigated. 

Wet Meadow Range Site. 

C-5-46 



lVi--Barraw Aree - Shales and Clzyey Soils  

This unit consists  o f  landscape that  has been altered through Cut 

operations and leveling. 

have a surface backf i l l  ranging i n  depth of 4 t o  12 inches of Zoam and 

c lay lorn. The sideslopes o f  these areas are steep t o  nearly velt3ca? 

end ere eas i ly  eroded. Depth o f  cut varies from 2 t o  20 fee t  or more. 

The f loor  af bsttan of these borraw areas i s  u s u a l l y  nearly level t o  

gently sloping. 

loam surface layers and additional shaping, vegetation can be success- 

f u l l y  establish& and maintained. 

t o  malerately alkaline.  

Material exposed is a clay shale. Some art88 

With additional backfi l l ing with loamy or sandy 

These materials are usually s l ight ly  

/ 
i 

, 
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The NYDES permit and revisions, which follow. concern aqueous effluent limitations 
and ranitoring rcquireacnts for the Rocky Flats Piant. 
effective Septeaber 6. 1976. 

The expiration date for  this permit is June 30. 1979. 

The original perrit was 

I t  vas revised on Wtober 1, 1974 and Ju ly  17. 1975. 

D-i 



br compliance with the provitioru of the F d d  Water Pnliution Control Act, rrrmhrdcd, 
(33 us.c 3231 et. 4; the "Act"), 

The 0.5. A t m i c  Energy Comnission, 

aruthorized to discharge from a facility locat4 SI the Rocky Flats Plant between Boulder 
md 601 den , Col orado, 

breeivingrotennuntd  South Walnut Creek v f a  Discharge 001. and 
North Walnut Creek v i a  Discharge 002. i n d  
Yoman Creek v i a  Discharge 003, 

fn accordance with effluent limitations, monitoring requirements and otba conditions set forth 
ln Puts 1.11, urd ll! hemof. 

Thir ptnnit shall become effective on date of issuance. 

Thb w i t  and t ! !  authorization to discharge shall expin at midnight, June 30, 1979. 

8ignedWu 6 dryor September, 1974. 

**&- /* JOM A. GREEN 

REGIONAL ADFUNISTRATOR 
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8. SCIIEDULE OF COMPLIANCE 

PARTI MI 

?* 8 d 15 
No. co-0001333 

1. 'the permittee shall achieve compliance with the eMuent limitations specified for 
discharges in accordance with the foltcmng scnedule: 

The-permittee : b a l l  : & n i t  to the permit issuing authority i n  less than 
ninety (90) days after  the issuance o f  this permit, an implenentation 
plan for an abatemnt program acs:gned to achieve the effluent limitatlons 
specified in thts .zrmit for discharge from outfall(s) 003 
The implementation plan shall consist o f  an outline of intended design, 
c.onstruction and o?eration, including a compliance schedule setting 
forth the dates by whtch compliance w i t h  the effluent limitations will 
be reached. The compl Iance schedule shall include, where appropriate, 
dates to accomplish the following: 

completion of preliminary plans 
completion of  final plans 

c) award of contract($) 
d) conencenent of  construction 
e) completion of  fiajor construction phases 
f completion o f  all construction 

(g 11 attaiment o f  operational 10-1 

Upon approval o f  the implementation plan by the permit issuing a u t h o r i t y ,  
the schedule of compliance shall become conditions of  this pemtit. 

2. No later than 14 cdrndar day5 following 3 date identificd in the above schedule of 
compliance. the permittee sliall abmit either a report of progtess or. in the case of 
specific actions being required by identified dahs. a wntten notice of compliance or 
noncompliance. In tlic latter case. thc notice shall include the cause of noncompliance, 
my remedial actions taken, and. the probability of meeting the next scheduled 
requirement. 

D-8 
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C. MONITORING AND REPORTlXC 

1. Representative Sampling 

Samples snd nieasuremcnts kkcn as required horein shdl  be rtpresenlativr aC the volume 
md nature of the monitored discharge. 

2. Reporting 

Monitoring results ahta.ned during h e  previous months shall he summarized for 
each month p i d  r r p o r v j  011 a Discharge hlonrtoring Report Form (EPA No. 3323.1). 
postn1arlrt.d no later than the 2Sth dc.y of the month following die completed reporting 
period. The first report IS cbte on January 28, 1975. 
and all other reports required herejn,  shall be submitted to  the Regional 
Administrator a t  the followipg address: 

U.S. Environmental Protection Agency 
Suite 900, 1860 Lincoln Street 
Denver, Colorado 80203 
Attention: Enforcement - Permits 

3 

Signed copies of  these, 

3. Dcfitiitions 

a. 7 % ~  “daily average” discharge nreans tlir total cIischarYg hy weight during a cs1end.y 
month divided by the number of Jays.irr the niontli that  the production or 
commercial facility was opcradng. Where less than daily sampling is required by this 
permit. the daily avcragc dtscharce shall tic determined hy I h j  summation of all the 
measured daKy discharges by weight divided hy the numbct of days during UII. 
calendar month when the measurements were made. 

b. The “daily maximum” discharge mexis l l ie total discharge by weight during any 
calendar day. (See CONTINUATIOj4 - next page;  

4. Tcst Proccdures 

Test procedures for thc analysis of pollJtrtnts shall conform to repilations published 
pursumt to Section 301(g) of rhc Ac:, unc’cr which such procedurcs may be required. 

5. Recording of Rcsulfs 

For cach m c ~ ; u r c n i r n t  o r  sarnplc taken pursuant to tnc requirer.lcnts of this permit, the 
permittee shall rccqrd the following information: 

a. The exact place, date, and time of sam,,Iiiig; 

b. The daws the analyses went performed; 

c. ?he prson(s)  who icrfornicd tire analyses; 

D-9 
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d. The analytical teckniqucs w mvthodz csrd; and 

e. The tesufts of ali mliiirvd ;Ina!;.ses. 

6. Additional Monitoring by Permittre 

If UIC perrnttb-2 :mqii~.on any }iallvtairt at thr locationfs) drsicnafed brrrin more 
frequri.l~v lhm rcc)rltlcrl hv this 1wrmit. itciiig approved ~nalytrml nirtlirjds ac qlccific*d 
aku,vc, thc WsulLS uf SUI\ monltori.y shall be inrltidcd in the calculation and reportirg of 
Uta vattics requtr-rl in 'be Dicchargr Nonttonr,g Report Form (EPA No. 3320-1). Sdch 
increaxd frequency sha!i a h  lie indicaled. 

7. Records Retention 

CONT I NUAT I ON 

3. Definitions (continued) 

b. (continued) 

This limitation shall be determined by the analyses o f  a properly 
preserved composite sample composed o f  a miqinurn of four ( 4 )  grab 
samples collected a t  equally spaced two (2 )  hou'r intervals and 
proportionei according to  flcw a the time of sampling. 

C .  The "da i ly  average" concentration means tbe average concentration 
during a calendar month. !Jt?crc l ess  t h a n  daily sampling i s  1,equired 
by this permit, the average concentration shall be determined by the 
sumnaticn of a l l  measured d a i l y  samples divided by the number of days 
during the calendar month when the riieasureaent; were n:*de. 

d. The "daily maximum" concentration shall be determined by the 
analysis of a Property preserved composite sample coqosed of a 
mfnimufn of four ( 4 )  g r a b  samples collected a t  equally spaczd 
two (2) hour int trvals  and proportioned according t o  flax a t  the 
time o f  sampl in:. 

e. Averages for fecal coliforms shall be determined by the geometric 
mean or' a minimum of three (3) consecutive grab sanples taken 
during separale weeks i n  .= ?%day period for the 3C-day average, 
and during separate days in 3 7-day period for  the 7-day aver:ge. 
(Minimum total  of three (3) saniples) 

I 

I 
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Perrni t tio. CO- 0001 333 

3. Oefini tions (contieutd) 

f. *tW' va1ue. noted under Effluent Characteristics are 
calculatei, on the basis of the act irlcrcase of the individual 
parameter Qver the. qlrmti ty of  t h a t  sace parameter present i n  
the intake v.6t.e~- cearured prior to any contamination or use in 
the process 1 f th5g Taeility. krlj contaminznts contained in 
any intake rater obtained from ilndcr!-cund !bells shall not be 
adjusted for as described above and therefore shall be consideref! 
as process inpc:: t o  the f i n a l  eff luent.  timitaticns in which 
"net" i s  not  note4 are calculated on the basis of gross meEsure- 
nierlts, of each pateameter i n  the discharge irrespective of  the 
quantity or qua1i;y O F  those parameters in the intake waters. 

g. A "ccmposite" sampl?, -for monitorinc requiremnts, is defined 
as a minimtm of  fou r  t4)  grab samples collectei  a t  equailj 
spaced two ( 2 )  hour intervals atid proportioned according to flow. 
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If. for any maron. the permittee does not cornpiy wtth or rill be unable to cornpiy with 
ury drly  max;ml;m efflucnt limrtation spzn::ed in thts permit, the permittee shd! 
p r i d e  the Regond Admmsvator and the S%te wth Lie following Information. in 
writing, mthm five (5) days of  bwoormg aware of such condition: 

L A description of the d d a r g e  and cause of noncompliance; and 

t. The pcnd of noncompliance, incIuding exact dates and times: or. if not corrected. 
the antictpavd time the noncompliance AS exgected to aonanue. and s t e p  bema 
taken to reducr. diminate and prevent recurrence of the nor,complymg discharp. 

The prmdtcc shall a t  dl times maintain in ~ o o d  workinc order mci operate as efficiently 
as p u b l c  all  t rci tmcnt  or controt facilities or systems insalkd or w d  by the permittee 
to achieve cmrnpimce with the terms and cor.c!itionr of this p e n t  

1 fhr? pcrmittet shall Lke all rc;ucrta.bk steps to minimizc any odwrse impact to navigable 
1 wtcn rmulting from noncnrnplwncc w i t h  any eff!uent 1iniiwtioa-i specified in this 

permit. incl4ing such ;Icrricratrd or xiaitiriid monitoring s nccessary to dzterrnine thc 
nature a d  impact of the noncomplying &xrtiargc. 

Any drversron from or bypass of facilities necessary t o  mainbin compIiance with the 
t m n .  and conditions ul r'1.11~ [wmit IS prohibited. except (I)  where unavoidable to prevent 
lrru of lifr ar WVYI- pm:wrty damage, or lir) wrere cxcc.ssi\c storm cr3inage or runoff 
rwld damage any factlrttrs nemsar). for ~ornpii;l~cc with t!!c effluent iirnttatrons md 
pvhthitionr of tha prrmit. The prmi-tee  shdl promu;r:ly notify the ReponsI 
Administrator and the state in m b n g  of ezch such &wrsian or bypas. 
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6. krrnowd Su bttonm 

sdib. dudges. filter hackwsh. or other pollrrturts rcmoved in the course of trtrtmrnt or 
corrtrol of wzstewams shdl be dtrgmsed of in a manner wch as to prevent any pollutwt 
from such m;;te& from entenng navlgatie wafers. 

7. Power Fcrilums 

In order to r n a i n t h  c.*mplisnce with tke effluent limitations urd pmhibitionf of this 
permit, thi permittee d a l l  either: 

a. In accordance with the Schedule of Compliance contained ir! Part I, provide an 
.Itematwe power source svfficlcnt to operate the wastewater conuol facilities; 

01. if such dtcmatiw power s-urce is not in existen&, and no date for its implementation 
rpptur in Part I, 

b. Halt. reduce or otherwise control production and/or all dischargss upon the 
reduction, loss, or failure c f  the prinxry source of power to the wastewater control 
Lscilities. 

B. AESPONSIPILITIES 

1. Right of Etitry 

The pertni ttee shal l  al low the Regional Adn-inistrator and/or his  authorized 
representative;, upon the pres..ntation of  credentiats: 

a. To enter upon the permittee’s premises Acre  an effluent source ir located or in 
which any records are required to be kept under the k m  and conditions of this 
pcrmi t ; and 

b. At reasonable times to have access to and copy any records required lo be kept under 
the terms aid conditions of this permit; to inspect any monihrina, equipment or 
monitoring method required in this p ? n i t ;  and to sanpit any discharge of pollutads. 

3. %tufer of Ownership or Control 

In ffw men? of any change in control or owncnhip of facilities from which (he authorized 
discharges emanlrk. the permittee shall notify the su&edtiig owtier or coa*m!ler of the 
existence of ti~k permit by letter, a ccpy o f  whid. shall he forwarded to the Regional 
Adrninistra:%r anti the State water po1lut;on conbS agency. 

3. APoilclbility of Reports 

Exctpc for data determined to he confidcntial under Sectio., 308 of  the Act. dl @ports 1 

prepred in accordance bith the tern of Lhu pennil Wl be av&ilatle for pbtic 
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4. 

5. 

6. 

1. 

5. 

ingrction at the offices of .the State water pollution controi a t - x y  and the RedonJ 
IMminbtrator. As required by the Act. cffiucnt data shall not be considered coniidcntid. 
Knowm(;ly making m y  fdsc statement on ;u,y such repr t  may rrs,;t in the tmpositron of 
Criminal prultlcr & providcd for in Seclon 309 of lhe Act. 

k m i t  Motfiftcation 

After nobee and oppor unity for a helrring, this permit may be modified, suspended. or 
revoked in *hdc or in par: dunng ilr term for muse including, but not limited to, the 
fdlorrring: 

a Vition of any terms or conditions of this permit; 

b. Obtahing this permit by misrepresentation or failure to dhelose fully dl relevant 
facts; or 

e. A chanffe in any condition that rtquirrs tither a temporary or pcrnianent reduction or 
elimination of the authorized dschuge. 

Taic  Pollutants 

NotuithstandinR Part 11. R4 above, if a toxic effluent standxd or prohibition (including 
my schedule of compliance specified i? such effluent stL!dard or prohibition) is 
establishd under Sxtion 307(a) of the Act !or ;I COXIC po!Iutant which is present in the 
dischmc and such sl;nd.ard or prohibitior, is more stringent tt.m any limitation for such 
pollutant in this permit. tn i s  pcrmit shall be revised or modified in accordmce with  the 
WXIC effluent standard or prohibition urd the permittee so notdid. 

Civil and Criminal Liability 

Ercept as provided in permit cond;tions on "Bypassing" ( P d  11, A-5) and "Power 
Failures" ( P a r t  11, A-7). nothinc in this permit shall tC construed to relieve &be permittee 
from civil or crimlnal penalties for noncomplirurce. 

Oiland Uuzardo~s Substance Liability 

Sothing in this permit J.rJ11 bc construed to i)rcclodr the liistitutiorl of any lrgJ action or 
relieve che permitkc from any responr*bihtir.s. IiaSilities. or penalties to which the 
permittee is or may be subject undcr Scction 311 of the Act. 

Nathinc in this p r m i t  shdl be constnted to preclude 'Jle institution of any legal action or 
d i e  the permittee from any rcsponsibili.ies, lia3ih::cs, or pcnaltics established pursuant 
lo any rpplrcrble State law or rcgulstion under authonty preserved by Scction 510 of the 
Act. 



Thc iuut?r+ of this permit doer not convey any property rights in either real or personal 
property. or  MY cxclxstve pnvilrges. nor docs it authorize any inpry to priv3t~ property 
or any invaskn of pcrsond rights, nor any infringement of Federal, State 3; local laws or 
-la tionr. 

I d  Stverabitity 

The provisions of this Cr.Fit arc seocnble. and if m y  provision of this permit. or the 
application of any prcbision of this permit to any circumstance, is held invalid. the 
application of such prowsian Lo other circumstances, and the remainder of this permit, 
&dl not be affected thereby 





APPENDIX E 

ACCIDENT AND RELEASE PROBABILITIES 

This appendix consists of two reports prepared by D r  J. E. Sclvidge, a con- 
sultant to the Rocky Flats Plant contractor. 
E-1, i s  entitled "Probabilities of Aircraft Crashes at Rocky Flats and Subsequent 
Radioactive Release." 

The first o f  her reports, Appendix 

The second document. Appendix E-2 is entitled "Natural Hazards That Hay Trigger 
a Radiological Release From a Plutonium Processing Facility." 
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PROBABILI'IIES OF AIRCRAFT CRASHES AT ROCKY FLATS AND 
SUBSEQUENT RADIOACTIVE RELEASE 

Judith E. SeIvidge 

Consultant 

Abatmt. The probability of a small airplane from 
Jefferson County Airport (Jeffco) or Stapleton 
International Airport crashing into a plutonium 
area at  the Rocky Flats Plant has been calculated 
at 1.4 X lo-' and 4.2 X IOe6 per year, respectively. 
The probability of such a crash involving a large 
ahplane from Jeffco or Stapleton is 3.5 X 1 Oe6 and 
1.1 X IO-6 per year, respectively. Overall, the 
chance of an aircraft of any size, or any type, and 
from any source crashing into a plutonium area at 
Rocky Flats is 2.88 X IO-' per year. An event 
tree was developed to cover every plausible series 
of events leading to a release o f  plutonium in the 
range of 0 to 1000 grams. Selected results show 
an annual release probability o f  3.9 X 
than 0.5 grams, 5.8 X 1 V6 for 50 to 70 grams, 
5.6 X IO-# for 200 grams, and 6.4 X 
IO00 grams. Calculations led to a weighted average 
release amount of 3.7 X grams of plutonium 
per year. Because of co7serva:ive assumptions, 
it is estimated that these probabilities are high by 
a factor of about two for small aircraft and IO for 
large ai--aft. 

for less 

for 

INTRODUCTION 

This study consists of three parts. First, the 
probability of an aircraft crashing into a building 
containing plutonium is computed. Secondly, the 
damage that such a crash might cause is estimated. 
The third part is an assessment of the amount of 
plutonium that could escape assuming the damage 
described were t o  occur. 

, 

Several categories of aircraft, all having different 
probabilities of crashing, are considered. Con- 
struction of the various buildings containing 
plutonium is taken into consideratio3 as is the 

amount and form of plutonium that might be 
subject tc  release. Results of the study are 
summarized in proba&li:y tables and graphs that 
show different amounts of plutonium versus the 
probdbilities of those amounts being released. 
Incorporated in these probabilities 3re the three 
principal types of uncertainties previously mentioned; 
namely, the probability of a crash, the probability 
o f  certain damage if a crash occurs, and the 
probability of a certain size of release i f  the damage 
occurs. 

W C R A F T  CRASH PROBABILITIES 

Historical data concerning the probab"l1ity of a 
crashing airplane striking a plant or other building 
has been collected in connection with safety 
studies of nuclear power plants.'-4 These data, 
broken down according to the type o f  flight (air 
carrier or general aviation), size of aircraft (large 
or small), and distance of the crash site from an 
airport, are based on from 5 to 10 years of reports 
of aircraft accidents in the United States. To apply 
this information t o  the assessment of aircraft crash 
probabilities for Rocky Flats, air traffic in contact 
with the Jefferson County (Jeffco) Airport and with 
Stapleton Interpitional Airport are considered 
separately. In addition, the hazards from low- 
altitude, transient air traffic and from aircraft 
flying over the Rocky Flats Plant ac part of normal 
Plant operations are evaluated. 

Jefferson Comty Airport 

Air traffic at Jeffco Airport involves about 233,000 
movements (takeoffs, landings, and other radio 
contact with the control tower) per year. Apart 

t-1-4 
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FIGURE 1. Geogrpphicd Relationship of Jeffco Airport to Rocky Flat: 

from a few ak-cmier training flights, an occasional 
mititary flight, and about 300 small air-taxi flights, 
these movements are all by general aviation aucraft. 
Approximately 95 percent of these aircraft are 
classified as “small” (weight less than or equal to 
12300 Ibs). The geographic relationship of  Jeffco 
Airport to the Rocky Flats Plant is shown in 
Figure 1. The distance from Jeffco to the nearest 
part of the Rocky Flats controlled zone, the 
portion of the facility surrounded by a security 
fence, is 4.5 miles. The size of this zone is 0.608 
square miles, and the part of that area thpt is 
considered a possible source of plutonium release 
is 0.05 square miles in size. This latter area was 
computed by adding the areas of buildings 
containing plutonium, the areas of those buildings’ 
“shadows,”* and the area of an asphalt pad that 
covers contaminated soil at the southeast corner of 
the controlled zone. - 

*Iba &&OW Of 8 bow h (he a k n d  *ulnCf8ble ire8 

mtd whCa r plane 8nivcs whrkr trndiq rt an w e  1 8 t h  than 
Wing stmight down. In thu calculation. the urumption ir ma& 
drrt p h  C n r h h g  Out of contrd b tr8Veiifg 8t UI mSgk Of 10’ 
argzt.atwtoV&*h.hoDLraU 

a 

Table 1 shows computations for the probabilities 
of fatal crashes at Rocky Flats involving large and 
small aircraft from Jeffco Airport. The overall 
probability per year of a crash into a plutonium 
area by a plane associated with Jeffco is Seen to be 
approximately I .4 i( lo+. When large aircraft 
alone are considered, this figure is reduced to 
approximately 3.5 X 
only mashes resulting in fatalities have been 
considered since away-from-the-airport landings 
with no fatalities are not believed to result in 
accidents o f  a severity that would damage Plant 
structures. 

Throughout this report, 

Stapleton Air Traffii 

Rocky Mats lies 17 miles to the northwest of 
Stapleton International Airport. General& such a 
distance would be considered too gnat for the 
presence of that airport to have an effect upon the 
probability of a plane crash at Rocky Flats. One of 
i 3 airways into Stapleton passes near the Plant, 
howem. For this reason, an estimate has been 

1-1-5 
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Alr" 
&J 300 1.mx lo-' 3.4747 x lo-' u s n  x 10-0 

233.m 1.7165 X IO" lAl17 X 10- 
- 

TABLE 2. Computation of Fatd Cruh RobabUtier at Rocky Fiats for Ahraft  In the Nearby Stapleton &wry 

Number of Yonmenti crtlb ?(RF COntrdled zona)+ KRF Ptumium am$+ 
fa tbr Airway Rr Yew -w of 0.608 quam mllsl of 0.05 qum miia  

-'ILpo W)* mi)** [Y X P(H) X 0.608) ru x P(H) x aosl 

Lup 16300 13 x 1WB 1.201 x 10- 9.9900x 10'' 
AlIcurbn 

d e  of the annual aash probability attributable 
to traffic in that air corridor. The annual number 
of M t  movements was computed from ths 
Sbpbton controllers' estimates and from a sample 
~trrsy of mmmenta obmmd on Stapleton's 
tmffiwnm~rrdu. 

the protability fordistances of 9 to IO miIes from 
the airpott (the furthest distance for which crash 
probabilities have been computed). Thtse 
alculations appear in Table 2. Generally the 
results of these computations am accurate to 
h u t  one airplificant ftgure; the s a n d  f m  is 
pOrtirUy significant. To minimize the rounding 
euror, however* additional f w s  arc carried at 
intermsdirte deps in tho alculation. Overall 
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rccuracy of the probabilities is discussed further 
in the "Conservative Assumptions" section of 
this report. 

Ihe  probability of a crash into the phtonium area 
of Rocky Flats by a large aircraft, either an air 
#rrier or general avietion plane, is s e n  to be 
8pproximately 1. I X I 
mull aircraft is approximately 4.2 X 
probabilities are small when compared to azsh 
probabilities already computed for Jeffco. (The 
Ovcrall crash probability o f  5.3 X IOm6 at Rocky 
Flots is a factor of 25 less than that for Jeffco.) 
These Probabilities an retained in this study, 
however, since the damage in the event o f  a aash 
at the Plant may be substantially greater because 
of greater size and/or speed for these planes than 
for aircraft associated with Jeffco. 

the probability fo? a 
These 

Helicopters fly over the Rocky Flats facility from 
time to time to carry out work associated with Plant 
operation. These activities ip+-'e spraying for 
weed control, taking aerial p.:* iographs, and making 
radiological measurements. These helicopters are 
in the air over t b  Rocky Flats controlled zone for 
about 60 hours per year. On the basis of four years 
of accident statistics' for rotorcraft operating in 
the U.S., the probability of a fatal crash per 100 
hours of flying time is 2.830 X Multiplying 
this value by 0.6 (60 hows/100 hours) gives a 
probability per year of a fatal crash in the Rocky 
Flats controlled zone of I .698 X This is 
added into general-aviation, small-aircraft, (since 
these helicopters are all <I 2,500 lbs.) accident 
probability. The Plant's plutonium area is 8.2 
percent (0.05 sq mi/0.608 sq mi) o f  the controlled 
tone, so the additional crash probability for the 
phtonium area alone that is attributable to rotor- 
a a f t  is 1.41 5 X 10'' per year. 

Other Traffic 

- There arc occasional flights o f  small, general 
aviation planes traveling muth and north to the 

4 

TABLE 3. Sumnury of Aircraft 
Crdx RobrbiUticr at Rocky Flab 

west of Rocky Flats and that an below ?he 10,000- 
ft altitude of Stapleton's Traffic Control Area (TCA). 
This traffic amounts to about 3.000 movements 
per year (less than IO per day). Taking as the 
crash probability for these planes the figure used 
for general aviation at five miles from an airport, 
the effect upon the small-plane crash probability 
per year for Rocky Flats is to increase it by 
3,000 X 1.22 X IO-* X 0.05 for a resulting 
1.8300 X IOm6. 

Summary of Aimaft Crash Probabilities 

Combning the cash probabilities o f  arcraft from 
all sources gives the values shown in Table 3. 

The event with the greatest potential for damage, 
that o f  a luge plane crashing into a plutonium 
area, is seen to ha* a probability of o c m n a  
equal to 4.550 X !O-*. For a sma3 aircraft 
crashing into the plutonium area, tht yrobability 
is 2.834 X IO4. These values correspond to an 
expected occurrence of the specified crash of 
ona in about 220,000 years in the fint case and 
once in about 3500 years in the second case. 

Them probability vlhres M believed to k 
' ' c o ~ ~ w f '  that ir, to err on the high &io 
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beause of a few assumptions made to  accommodate 
existing data. The assumptions concern historical 
d probabilities, the number of aircraft in the 
W t y  of h e  facility, and the size of the vulnerable 
QhltOdUm Prtp. 

W Probabilities 

The probabilities of a fatal crash per aircraft 
movement are based on data from 1966 throtrgh 
1970 but are a ~ ~ l i t d  to movements estimated for 
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radioactive material. The area is then increased 
by an amount (the shadow) that allows for the 
height of the building and the approach of a 
aashing aircraft at other than a 90" angle with 
the horizontal. The conservativt assumption made 
was that the craft impacts at a 10" angle. If  a 
mote realistic assumption is made that this angle 
will be anywhere between 90" and IO", then the 

-effective area is ks by a factor o f  about six.* 

Effect Upon the Probabilities 
- _  

These more-realistic approximations could be 1975. 

Thete has b a n  a steady improvement in aircraft 
d e t y  over the years; for exampk, fatal accidents 
for US. air carrien in 1973 was 15 percent less 
than the average for the 1966 through 1970 
period. Initial crash probabilities per movement 
consequently arc likely to be 15 to 20 percent 
too high. 

The hrge-aircraft aash probability for plants 
rssoCiated with Jeffco Airport assumes that these 
arc all general aviation flights. Actually, some 
military or air-carrier training flights-both of  
which have lower accident rates than general 
aviation. 

Number of Aircraft - 
?%e historical probabilities for general aviation 
aircraft assume that planes are equally Iiikely to 
kaa or approach the airport from any dimtion. 
In the case of Jeffco Airport, however, the 30" 
sector containing Rocky Flats, where one would 
expect to find about 1/12th (or 8.3 percent) of 
t!! air traffic, receives only 1 to 5 percent of the 
activity. The nason is the surrounding terrain. 
At a resJlt, the number of rekvant aircraft 
movements is probably over-cstimated by a factor 
that may be as bgc aseight. 

size of Plutonium Area 

Iha dze of that portion of the control zone of 
umc8rn in cax of a p h e  crash is computed by 
flnt taking the area of the buiMingsLontlining 

incorporated into the probability calculations in 
place of the conservative ccuntcrparts. The effoct 
would be that of reducing the fmal probability 
estiiiates for crashes in the plutonium area by a 
factor of about two for the small aircraft and 
about IO for large aircraft. In this study, however, 
subsequent calculations of damage and overall 
probability of plutonium release are made using 
the original, conservative figures. 

RESULTS OF CRASH IMPACT 

I f  an aircraft tu's a part of the Phnt desigrated as a 
plutonium area, the seriousness of the results of 
this impact. in terms of the amount of any plutonium 
rekase, depmds on a number of  factors: ( 1 1 
whether or not pieces of  the plane penetrate into 
the interior of thc structure, (2) the kind of 
destwdion a x e d  in the interior o f  ihr structure, 
(3) the proportion o f  building containing plutonium, 
and (4) the quantity and form of  the available 
plutonium. The damage to the structure will be 
considered next. 

Penetration Probability 

Whether or not the plane penetratzs into the 
building depends on the strength of the barrier 
(thiciolesses of the external walk, internal walls, 
roof, and ceiling) and the str~khg force of the 
plane. The barrier thickness. measured in inches - 
% r w  

I@ - 6.75 a 6. 

"ld then bc SCf. Rw rtudow was 
campowd E* mo -1 o f  the mprct &. md t.n So'lrm 

3 
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i 
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of conmte,  varies froin one building to another. 
The striking force of a plane is mainly a function 
of its size and the velocity at which it is trave-. 
In a study by Chelapati, et a!,' a computer 
hula t ion  model was designed to calculate the 
penetration depth expected for the same four 
general c k s s s  of aircraft as distinguished here: 
mal l  and large in size and associated with a nearby 
airport (Jeffco traffic) or with an airport at a 
distance of more than five miie, (Stapleton and 
other traffic). The output from tlus simulation. 
expressed in texms of penetration probability for 
different thicknesses of concrete, is recreated in 
the appendix of t h s  report. One assumption of 
this model was that the missile penetrating the 
building is the mos, resistant part o f  the plane; 
mmely, the engine. Withrn each of ?!,e mainsize 
categories, a range of possible aifcnftengine sizes 
and weight; %as considered in the simulation. 
The diameters of  typical holes made by these 
missilcs were taken to be 40 inches for the engine 
of a small plane and 60 inches for that of a large 
@ne. 

The probability of a plane pe-etrating a particular 
part of a particular building Lan be determined by 
tables in the appendix 01 this report. Compute the 
total thickness, in inches, of  the concrete barriers 
(roof, ceiling, and wa!l) and use Chat total to find 
the applicable row in the appropriate table. 

Probability of Crashing 
Into Plutonium Portion of Building - 

Given than an aircraft penetrates a building, its 
probability of striking a vulnerable part of the 
building; i.e., the area containing plutonium, is 
computed in the following manner. First, the size 
of these areas contzining plutonium is xmputed 
and expressed as a percentage of the total building 
area. Missiles can reach lccations on the first floor, 
for example, by passing thrcugh the fifst floor 
ceiling, or by pasring through the roof and !he 
fmt flow ceiling. It is assumed that small plmes 
just penetrate the barrier and have tittle residual 
velocity. In passing through the f i t  floor walls, 
small planes therefore will strike plutonium areas 
only if the areas are adjacent to the walls. For 
piew of a large plane, on the other hand, some 

6 

c 
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FIGURE 2. Penetratior. Pstiu 

residual velocity is e.cpect::d, and the assumption 
is made that the missile: may land anywhere wi.:lin 
the buildhng [see Fkure 2). The probability of 
striking a plutonium area is then equal to the ratio 
of thc plutonium area to the totai ar- of the 
building.+ 

Missks ?hat reach the fist floor by passing through 
(1 ) the second floor wall and the f i t  fluor ceiling 
or (1) through the roof and the first flt,or ceding 
a n  also assumed to be equally likely to fall 
anywhere on the first floor; consequently, ?he 
probability of striking a plutonium area is again 
equal to the proportion of the floor space occupied 
by plutonium areas. This >plies to both large 
and mall aircraft. In a similar manner, the 
probability that 8 missile comiq: through the 

W& probrbsfly ukuktion b conrnrb e since tJm initid 
Wmbilily of striking the building w u  found by W g  LI the 
otll turct b, ule buJdiry IRI plus me building3 lbdor to 
=mot for the plms': mgk of impact uls of this lycl M). 
tmildwt wra *r lbador- as a0 arnaniNtor in tbc plutonium- - probability wwfd haw #mu the p m h W t y  I nn.l)et 
and d d  haply that the =bib caatit~ed on its oridnr: Itrw, path 
8fterpcllotmtiagItnnaL 
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rooad4tory wall or roof will hit a Rter pknum 
on the s e d  fkor is calculated. This proMbility 
k aqua1 to the poportion of the rmnd floor 

case of a mall phnc entering through the secund 
stmy wall. In tbe latter insbnce, oniy equipment 
adjacent to  the wall u considmd vubnenbk. 

Occupied bj the CqUIptIlCnt. h CXCCPtiGn 2 the 

/------ 

-- 
Dprm8c from an aircraft missik penetrating a 
buikling containing phtonium a n  vary. Rather 
than consider aIl pcnslbk kinds and amounts of 
damage from rhis source or to consider the 
p b a b i l i t k s  of such an event. several scenarios 
brvr been constructed. These fairly detaikd 
senarbs describe damage pattcrns that are believed 
to be typical. .. 

scenario I (Small Fhm) 

A small plane cradw into the wall of a plutonium 
building. The plane’s mgme, weighmg 400 pounds, 
penetraks mto the budding at the asea adjaant 
to the wall. Some equipment is knocked over and 
is broken. About 50 gallons of gasoline (half the 
planes bad) spills into the buiMing through the 
40-inch hok made h the wall. This gasohe ignites 
ind the fin sprrads over a 25oSquarofoot area 
(diumter 18 ft). 7k fm burnsfor 5 to 10 
minutes before burning out or being extinguished. 

scenario 2 (Small PIaOe) 
- .  

A small pbnt passes through the roof or stoond- 
stow wall of a plutonium building into the sccond- 
iloor ptntiiatiorz arm and strikes a f i t@ plenum. 
A s d c s a i i  in srrnario I ,  the p h e  rnakesa 
4o.in& hok to the exterior, and a fire is started 
over a 250-sqm-foot area. 

-* 

! 

scaurio 3 mndl maac) 
A snail plane cn3les into a plutonium building, 
md the mginc ptnetrata both the secondstory 
wall or roof ond the fprt floor ailing. Tbc engine, 

- _  
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weighing 400 pounds, comes to mt on the fnst- 
kor w d i n g  atwz after having knocked over and 
broken some equipment. Gasoline, howern, does 
not penetrate to this area, 50 there is no gasow 
fL.e. H o b  in wall, roof. and ceiling a-e 40 inches 
in diameter. Since this schlario postulates no f i  
in the ptutonium area, it is assumed that no rckasc 
will OCM. 

Scenario 4 (Large Plane) 

A large aircra€t crashes into a plutonium building, 
d d  an engine weighing two to three tons penetrate 
the wall and r o o f  leaving a 60.inchJimeter hok :. the exterior. Some equiprnrnt is broken up. 
crushed, and scattered. Two thousand gallons of 
fue: flowing from the plane into the building 
causes a fm of about 5 ,OOO square feet in an area 
80 feet in diameter. The fne burns for 20 to 30 
minutes (this assumes that about 20 percent of 
the fuel typically avadable in the aircraft ignites 
inside the building). 

Estimates were made of the amount o f  plutonium 
that would be released as a result o f  Scenarios 1, 
2, and 4. T?x release aka depends, of course, on 
the form of the plutonium and the tot& amount in 
the m a  where thc damage o e w .  These varied , 

from one building to  another. 

F’btonimn AvaiLabk for Release 

Within each building considefed, the plutonium 
areas were subdivided according to the approximate 
amount of material present and its form. The 
following categories and descriptions were establishcd 

1. Plutonium areas not present3 in use. 

2. Plutonium waste padraged in drums. 

3. Pfutonium waste padraged in fiberglaJscovd 
plywoad boxes. 

4. Two to three Lilograms of pktoztiurn in oxide 
fom. 

5. Two to thxec ]ribgrams of phtonium in 
wtallic form. 
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6. Ten kilograms of p-donium in oxide form. 

7. Tea kilograms of plutonium in metzllic form. 

8. Sevcnty to one-hundrcd kilogram3 of plutonium 
in oxide form. 

9. Onehundred kifograms of plutonium in 
metallic form packaged and stored in a vault. 

10. Eight-hudred kilograms of plutonium in 
metallic form packaged for shipping in 
containen averaging one to five kilograms of 
plutonium each. 

The probabilities of an aircraft striking a piutonium 
srea in a given building were computed separately 
for each phitonium buibiing and for each category 
found in the buikling. 

Asmsmcnts of the amount of plutonium rekaxd 

mrterizlgenenny present m the area of tbe 

were made by considaing the uncertainty in 
thee parts: (1) the amount and form of the 

postulated accident, (2) the amount of matail  
present that would be exposed; i.e., material 
that has its containment breachad, by the postuhted 
accident, and (3) the amount of exposed plutonium 
that would be dispmed to the exterior of the 
uta .  Building supervisors and other knowkdgabk 
people at Rocky FFats estimated tbese three 
facton for the various combinations of amounts 
and forms of plutonium present in their buildings 
Their estimates of the phtonivm present wen 
used directly in the ana&&. Estimates of the 
percentages of material expoad and subsequently 
dispersed, howem, wtrc adjusted to be more 
comparable with results of &ow experimentrl 
studies. These experimental Yahlcs nnd their 
sourcesarc shown in Tabk 4 and caube SUrmRIfiEcd 
as follows: for metallic plutonium, the mutimum 
release because of fm ammpmying the acddent 
would be about 0.1 petcent of the mrterirl p#eat. 
For experiments in whicb plutonium is heated to 
ignition but with w other burning matgirl perent, 
tbe maximum re- arc about half thb amount. 

In the case of molten plutonium, WE& bas a 
mu& larger =<ace, a reudmum rem of 1.0 
percentispostuhted. Thbis1otimatheMount 
postulated for metaltic plutonium. For plutonium 
oxide, P light powder that would be widely 
scattered in the acddcnt, a maximum nkue of 
1.opercent isllkorsumed,exapt when the 
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plutonium is contained in combustibk contaminated 
waste. nK m u n t  rckasc i (entrained on small 
-of ash) may be as high as40 percent. For 
plutonium outside a building (for examp;e, the 
phrtoNum in the contaminated earth covered by 
tbe aspJmJt pad), the reieasc depends mainly on 
the wind sped and the period of time the pluto- 
nium is exposed. During a period of 24 hours with 
moderate winds (20 to 25 mph), up to 1 percent 
of the material might be released. 

The percentage of the a m b l e  material released 
wouM be greatest from a large fue and when the 
hok in the b a i n g  is directly above or alongside 
tbe fm. For each area and accident combination. 
rtnrral rckaw amounts and their probabilities of 
OCEUmne wefc assessed, conditional on the 
assumption that the accident occurred. 

When aJstning the possible release from areas of 
lrigh phrtonium mncentration, the details of a 
postdated accident were considered. For example, 
if a misik penetrates into the area and scores a 
dhct hit on a &ve-box line where large quanhties 
of plutonium oxide art beins processed, what will 
be the amount of plutonium available for release, 
and what is the probability of such a direct h t ?  
If, on the other hand, the missilc Sands in the arza 
without actually striking the glove boxes, and 
starts a fuel ftrt on the floor around the glove 
boxes causing the gloves to burn off and the 
Windows to  crack, what will be the amount of 
release? 

For phttonium in the form of solutim or sludge. 
the ?szs~~ption vas made that a fxe resulting from 
m riraaft mash would be extinguished before 
enough evaporation had taken place to rekase the 
phrtonium. 

Within the filter pknums, ftns in the f i t  or 
#!cord fiItcr were estimated to allow the 
relan of from 1 to 40 percent of the materia1 
tripped on the filters. (These vaiues arr *&en 
from studies of plutonium release from combustibk 
waste and probabb art omestimates of the rekase 
. m ~ ~ n t ~ . )  No release is expected from a fnt in 

pnt third or fourth filters, which essentially are 
uncontaminated. The escape of unfiltered air 
because of a rupture in the fdtering system also 
is not considered a hazard. The reason is that a 
crash affecting the filters would cause a break in 
the system between the area where the contaminated 
air originates and the tans that draw the air 
through the filters. TNS means that little or no 
air would be drawn out of the mntaminated area. 

SUMMARY OF RE25JL'IS 

Event Tree 

The previously discussed release estimates and 
their hkeliheod of occurrence are combined to 
give an overall impi:ssion of the risk attributable 
to an aircraft crashing into the Piant. One way of 
showing all combir13tims of occurrences that 
have been considere.' is an event tree in which the 
various events and t x i r  probabilities are presented 
in sequential form. This method is illustrated in 
Figure 3. Each pattway ?hrough the tree represents 
a different, specific series of events leading to a 
plutonium release in thz range of 0 to 1,000 grams 
(the maximum release pmulated from an aircraft 
crash). 

The amount of release is shown at the last branch 
in the path. The probability associated with any 
of these refeases is obtained by multiplying together 
all the conditional probabi&ies computed aloig 
the path leading to the final release branch. Fo. 
example, the path marked by the dotted line 
assumes that a large aircraft from Stapleton crashes 
into Building 1, penetrates Area A and causes a 
nlease of y grams of plutonium. The probability 
of this release (y) therefore wogd be a mathematical 
comtination of the probabilities of  a crash by a 
Iarge aircraft from Stapleton, hitting a building 
the size of Building 1. penetrating an area 
protected in the manner of Area A,and releasing a 
percentage of plutonium equal to y grams. 

To simplify the presentation in Figure 3, only part 
of the event tree has been drawn in detail. Many 
branches hme been omitted. In the actual event 
trrt, each aircraft origin made, *both for large and 
small aircraft, is developed to show (1) all the 

9 
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FIGURE 3. Pmthl Emt T m  for Afrcrrft Cmhu Into the FlcIlfty. 
Che P d e  Rth 7br+ the TI& Ir Inbted by the Dotted h e .  

, 

TABLE 5. Pom'ble Amounts of Plutonium Relerwd Beau% of AimlTt 
Aeddenu aDd ?heir Robabiwer of occwnace Pcr Y#r (grouped data) 

labl RokbiWy 
*Y-) 

3 9 x  lo-' 
u x  IO-. 
1.8 x lo-. 
3 1 x  10- 
L7X 10' 

1.3 x 10'' 

3.7 x 103 
L2x I P  
6AX 10- 

s s x  104 

u x  104 

bbbw B- DaabTAircrJtShsladod$n* 

hw- S O d l M  

Jdfco spple- J d k O  StPLtoll 

4JX 10" 1.4 % 10'' 3.9x 104 s3x 10- 
4.8x 10'' 2.4x 10" 7.1 x 104 

3.0% io4 IJX 104 2 a x  lo-' 6.1 x 10'' 

6 . 9 ~  104  3 9 x  10- 1.8 x 10'' 33x  IO3 

u x  104 1 . 2 ~  104 3.2x lo4 4 3 x  10- 
E A X  104 4.6x 10" 5bX 104 8.3 x lo-" 
u x  lo+ 1.1 x IO-. - - - I3X lo+ u x  lo-" 
3.2 x IO'" 3.2x lo-" - - 

- 
69X 10" 

SAX lo-' I A X  104 1.1 x 104 3.1X 10" 

7 9 x  IO4 4 3 x  10- 5.7 x 10'. 6.2x lo4 

- 

10 
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bbXing8 that could be hit, (2) aU the different 
- &cas within each buiuriq, md (3) within evch 

mu, 111 of the difimnt amounts of possible reka,~~.  
Tbe label and number of these cstegorier for areas 
rrfthin II btddhg urd nkrues from 
will diffw from one buiJdhg to mother, depending 
on the typa and amounts of plutonium pnsent. 
Tbe complete event tree for this study had 309 

md)’ 

end pinta. 

R d c r + k n o a a t V ~ R o h b i l i t y  

h i k  unounts of release, and their probabiMcs 
of occxarena, arc pmented m tabuhr (Tattle 5) 
mb g q h i d  (Figure 4) form As WLI desczibed 
U r k r ,  8 probability and UI amount of n h  ~ z e  
trodrted with ad end point of the mnt tree. 

-- 
/ I 
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ThC m e  nlease amount may appear at different 
end points. For example, 20 grams is the 
postulated release amount for sewn1 different 
paths through the tree. To summarize the muits 
of caicuhtions for all paths through the trce, the 
end-point release amcru;?s are tabulated in order 
from the smallest quantity to the largest. Also 
included arc their probabilities. When the same 
amount occurs mom than once, its different 
probabilities an atfded to give the total probability 
of such a release. In this manner, a probability 
distribution over the nkase amounts is obtained. 
This distribution is shown in Table 5 and is drawn 
on a log-log chart in Figure 4. The weighted 
amage of the nkase amount, which is a sum, was 
computed by multiplying each of the diffmnt 
meleases by their probability of O C c u r r e n a  and 
then adding up these products. me result, as 
shown in Table 6, is 3.7 X grams of plutonium. 

is the value taken 85 the ‘Source term” from 
which the environmental effects are computed. 
The release catemry having the hiphest probability 
of occurrence is, according to Table 5. “ksl than 
0.5 grams. ’ Tbe largtst contributor to this category 
h 8 hypotbized outcome if 8 plane wen to crash 

E-1-16 
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into the asphalt pad a m .  This outcome is the REFERENCES 

1. D. M. Boonin. "An Aircraft Accident Robability 
Distribution Function." Trans. Amr.  NwL Sbc. 

nluDe of O.OOO5 grams of plutonium, and it has a 
probability of OOCUlTena per yeu equal to 
25 x 10-3. 

18:225-226. J ~ n e  1974. 

T%c krgertnb noted in Tabk 5, lOOOgrarm, 

plutonium buiidw were penetrated: 

Robability (per year) 
Rekue of M a a f t  Impact and 
(prmr) Building* Rekase of Plutonium 

1OOO 1 1.4x 10-10 

lo00 2 1.1 x IO"@ 

would result if particular spots in the following 

R t k u t b y p l u t o n h m h  

Bmkhgdown the rekast f i s  according to 
which plutonium sfta is the source shows that 
Buildings 3 and 4 arc the sources of -test 
possiile rekue. In both buildings, the hypotherized 
accident making the largest contribution to the 
weighted avtragc is that of a small plane from 
Jeffco asahing into and setting fm to a filter 
pknum. 

Building or Other 
plutonium Area 

3 
4 
6 
7 

1 
2 

Asphalt put 
5 

a 

Weighted Average of 
Possibk Releases 

@am plutoNum per year) 

1.4 x 10-4 
1.1 x 104 
7.4 x 10- 
13 x 10-3 
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3.4 x lo-' 
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15 x lo-' 
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A P P E N D I X  

COMPUTATIONAL DETAILS 

leabtntbaRokbltitlcr 

The penetration probabilities f s m  the simulation 
study by Chclaptti, et d, (Reference 5) arc 
nprobud in T8bk8 A-L throw A-4. The= 

tabkr refled reported duet (mernr and standud 
deviations) for mch of four categories, and the 
distribution ir orwrrcd to be log normal. "kse 
probabllitier and penetration depths (in inches) 
apply to reinforad concrete. 

TABLE A-I. Penctrntion Probabilities for Small P h c  from 
Jcffco (Mean = 6.3 inches; Stanaard Devisticn = 1.8 inches) 

Depth of Penetration Into Concrete 
(inched Cumulative hobability Penetration ProbabiIity 

f .Ooo O.Oo0 I .Ooo 

/I 
/ 

i 

, 

--. 

2.m 
3.000 

4.000 
5.000 

6.000 

7.000 

I 8.000 

9.000 

1o.aio 
1i.m 

12.000 

I 

f 3.000 

14.000 

1sm 
16.000 

O.OO0 

0.006 

0.069 

0.247 

0,486 

0.697 

0.840 

0.92 1 
0.963 

0.983 

0.993 
0.997 

0.999 

0.999 

1 .Ooo 

1 .Ooo 
0.994 

093 1 

0.753 

0.514 

0.303 

0.160 

0.079 

0.037 

0.01 7 

0.007 
0.003 
0.001 

0.001 
O.Oo0 

- 
*Robability of penetration to the depth shown m the fmt wlumn or to 8 greater depth. The probability is 

1 mhnurths aunuhh pmtmbility from Cohrmn 2. 
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TABLE A-2. Penetnth Robtbilitios for S d  Plane from 
Strpkton (Mean = 10.2 inchar, Standud Deviation - 4.4 inches) 

Depth of Penctntion Into Conaeta 
(tnds) 

lm 
2.000 
3.000 

4.000 

5.000 
6.000 

7.000 

8.000 
9.000 

10.000 

11.OOU 
12.000 
13.000 

14.000 

1sm 
16.000 

Cumulative Probability 

O.OO0 

O.oo0 

0.003 

0.020 
0.064 

0.141 

0.240 

0.35 1 

0.462 

0563 

0.65 1 

0.726 
0.786 

0.835 

0.873 

0.903 

Penetration Probability. 

1 .OOo 
1 .Ooo 
0.997 

0.980 

0.936 

0.859 

0.760 

0.649 

0.538 
0.437 

0.359 
0.274 

0.214 

0.165 

0.127 

0.097 

*Probability of penetration to the depth shown In the futt mLmn or to I greater depth. The probability b 
1 minus the cumulative probability from Column 2. 

I4 

1-1-17 



-. 
u ---------- . - 

RFP-2462 

. . .  

TABLE A-3. Penetration Probability Distribution for Large P h e  from 
Stapleton Wan * 54.9 inches; Standard Deviation = 26.4 inches) 

Depth of Penetration Into Concrete - (inches) Cumulative Probability Penctrz tion Probability* 

1.OOO 0.000 I .ooo 
2.000 O.Oo0 J .Ooo 
3.000 O.OO0 I .Ooo 
4.000 O.Oo0 1 .ooo 
5.Ooo O.OO0 1 .ooo 
6.000 O.Oo0 1 .OOo 

7.000 O.OO0 1 .Ooo 
8 .OOO O.OO0 1 .ooo 
9.000 O.OO0 1 .Ooo 

I o.Oo0 O.OO0 1 .Ooo 
11.Ooo O.OO0 1 .Ooo 
12.000 0.001 0.999 

13.000 0.002 0.998 

14.000 0.003 0.991 

J5.OOO 0.004 0.996 

16.000 0.007 0.993 - 
*Robability of penetration to the depth shown in the first colunin or to a greater depth. The probability 
is 1 minw the cumulative probability from Column 2. 

1-1-18 
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TABLE A-4. Penetration Probabilities for Large Plane from 
Jeffco (Mean 20.9 inches; Standard Deviation = 7.7 kches) 

Depth of Penetration Into Concrete 
(inches) Cumulative Probability Penetration Probability. 

1 .000 
2.000 

0.cy)O 

O.OO0 

1 .ooo 
1 .Ooo 

3.000 O.OO0 1 .Ooo 
4.000 

5.OOo 

6.000 

O.OO0 

O.OO0 

O.OO0 

1 .OOo 
1 .Ooo 
1 .Ooo 

7.000 0.002 0998 
8.000 
9.000 

1o.OO0 
11.000 

12.000 

0.006 

0.015 

0.030 

0.053 

0.084 

0.994 

0.985 

0.970 

0947 

0916 

0.125 0275 

0.172 0.828 

0.226 0.774 
0.284 0.716 

13.000 

14.000 

15.Ooo 
16.000 

I - 
'Probability of penetration to the depth shown in the first column or to a greater depth. The pbability 
is 1 minus the cumulative probability from Column 2. 
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NATURAL HAZARDS THAT MAY TRIGGER A RADI0UK;ICAL RELEASE 
FROM A PLUTONIUM PROCESSING FACILITY 

Judlth E. Selvidge 

Cosultant 

Abstract. Calculations show the prcbability of a 
tornado striking a plutonium area at Rocky Flats 
is 2.2 X IO-‘ per year. The source term (expected 
value of plutonium release) should such an event 
occur is calculated at 3.3 X lo’’ grams. The 
source term for high-velocity, downslope winds is 
higher-2.2 X grams. The probability of a 
meteorite that weighs one or more pounds (453 
gfams) striking a plutonium area is estimated at 
8.88 X io-’ per year. Because of  this small 
probability and the remote chance that a plutonium 
release would occur even if a meteorite hit occurred, 
the hazard irom meteorite impact is considered 
negbble. Conservative assumptions result in al l  
calculated frequencies being almost certainly too 
high. Empirical observations have indicated lower 
frequencies than those calculated. 

IIVTRODUCIION 

Natural events that may cause damage leading to 
he release. of radioactive material at Rocky Flats 

arc tornadoes, downslope windstorms, earthquakes, 
and impact by metzorites. Floods, tidal waves, 
cyclones, hurricanes. and volcanoes are not 
considered to be hazards at the Rocky Flats site. 
For each of the natural hazards of interest, the 
probabilities are greater than about per year. 
The damage that could result from the event and 
the subsequent radiological release should be 
ustssed. 

In this =port, the probability of occurrena is 
computed for severe downslope windstorms and 
tornadoes. The possible damage and associated 
release of plutonium are a h  estimated as are the 
hazards from possible meteorite impact. The 
probabilities and possible release for earthqakes 
ue still under study. 

PROBABILITiES 
FOR DOWNSLOPE WINDSM)RMS 

The Front Range area of the Statz of Colorado from 
Colorado Springs to Fort Collins is subject to 
occasional, severe, downslope windstorms occurring 
in the lee of the Rocky Mountains. These storms 
generally are strongest and cause the most damage 
in the city of  Boulder, about 10 miles north of 
Rocky Flats. Figure 1 shows schematically the 
wave-like c!iaracter of the winds.* Rocky Flats, 
which lies between Boulder and Jefferson County 
Airport, can’be expected to expcrimcc hlgh winds 
at about the same time and *:tiin compzrable 
maximum-wind velocirks as those occurrinz in 
Boulder. Several studies of Boulder windsto:.:.s 
have dealt with the characteristics of  the winds 
(their gustiness and maximum speed&), the frequency 
of occurrence of the storms, and the wind damage 
produced.“’ This report treats the winds at Rocky 
Flats in a similar manner. 

1. 

Windstonn Frequency 

The frequency of occurrence of reported windstorms** 
in Boulder over the lOeyear period from 1869 
to 1972 ranges from 0 to 14 storms per year.*** 
The number reported is greatest during the latter 
part of that period because of the city’s expansion 
into previoirsly open areas, particularly the Table 
Mesa section o f  that city. 

The average number o f  storms from 1960 to I972 
was 6.08 per year. The value of six storms per yew 

*Refcrrm 1. Page 4. 
** A *t?drtorm for the Boulder md Rocky Flats .ret h defined 

u pied d e n  9 of the N i t i d  Center for Ahotphcric Reurcb 

p u r e r  man 50mph. and at Iwt oae rtrtioa reported pub 
(McAR)wind incata l~  Ntionr b, Boulder rrported winds of 

thm 7s mph (hunicm fora). 
***Reference I ,  pus 12. 
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FIGURE 1. Cross Saction of Potential Temperature eK) During a Windstorm at Boulder, Cdmdo. The 
short dazhed l i es  are f l i t  pahs oi the aircrlft thot conducted the potentiJ temperature a u ~ y .  UOCS of 
constmt potentid temperature can be considered u strtamliner of atmospheric flow. (Ste Refaem 3.) 

Wind gusts of over IO@ mph have been measured 
d e  downslope windstorms in the Boulder and 
Rocky Flats mas. The statistical theoxy of 
extremes makes use of past data on rr.sximun 
gusts to estimate the probability of occurrence of 

. jdgl~ winds during future storms? Following this 
theory, a particular probsbility distribution is fit 
to previously observed, maximum gusts and is 
projected to give the probability of windspeed 
vaiuet. In this study, the estimates 8 ~ 1  based on 
data collcctcd during 32 recent storms representing 
8 fmyw period. The data are &mwn in Table I. 

will be used in this study as an estimate of the 
frequency of windstoms at Rocky Flats. 

Two distributions have been used here to tit thw 
extreme wind values: t1.e Fishc~Eppett Typc 1 
and the Fisher-Tippett Type I1 diSRibutionS.2~4~s 
The first distribution is appropriate when dnta 
havmg extremes that are of intatst follow M 

exponential type distribution-the second when 
the logarirhms o f  the data have this form. When 
each of these models is fit by the method of order 
statistics to this sample of peak gusts recorded at 
Rocky Flats, the following e x t r r m ~  distributioni, 
are obtained: 

mpe I: Probability (gust > x mph) 

with a= 71.0337 and 8 = 12.1785 

Type - II: Probability (gust > x mph) 

with 'I = 6.27058 urd l3 = 70.2809 

= 1 - exy (- exp (- ((x - a)/B 1) 

- 1 - exp (- (x/B) -r) 

B-2-6 
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, TABLE 0 .  Muhnum gusts recorded at Rocky Flats 

Muinurn 
wui w 

YCU Month my (mph) 

l % 9  1 1 sa 
1 29 62 
1 31 IOD 
3 19 66 
4 9 71 

- .- - 

1970 1 
1 
2 

11 
11 
11 
I1 
12 

t97 I 1 
1 
1 
1 
2 
3 
3 

12 

1972 1 
L 
1 
1 
1 
1 

11 
12 

23 
3 

16 
21 
2s 
28 
30 
31 

10 
23 
25 
29 
1: 
4 

31 
20 

5 
9 

I1 
21 
24 
28 
26 

1 

14 
97 
79 
62 
71 
62 
97 
67 

71 
66 
9s 
lb 
75 
71 
74 
62 

u1 
St 

105 
68 
82 
91 
lo( 
68 

1913 3 13 12 
fl 1 70 
12 2 92 

These fcrmulae were used to compute the proba- 
bility of attaining or exceeding a particular gust 
speed in a given storm. Multiplying that probability 
by the expected six storms per year gives the wind 
speed ptobabiiities per year shown in Table 2. 

As can be seen from Table 2, these probabilities 
differ depending on whether the Type I or Type 11 
assumption is made. The Typt 11 distribution has 
been used more often with wind data. Since it 
also gives larger probability values, the conservative 
assumption that the Type I1 model is the better 
one w3I be made in this study. Appendix A gives 

RFP-2523 

7'4BL.E 2. Estimates J the 
Mutimum Wind E p d  ?robabilities 

wind speed DP 1. rrpe ". 
b v h ?  Distriiaoa RboibDolr 

100 1.3x 10-1 6 3 X  IO** 
150 9 . 0 ~  lo-' S. l% 10" 
200 I S X  10" 8.4 X I&* 

-- 

details of the calcrlation of these probabilities; 
Appendix A also presents graphs showing the 
entire probability distributions (from which M 
intermediat. A ~ J C  can k read). 

?robabilities can be compste.3 theoretically fGr 

wind speeds greater than 200 rnph; however, it is 
estimated that from a practical viewpoint. down- 
slope winds cannot exceed 200 niph. Abow 230 
mph, a turbulent breakdown in the flow isexpected. 
which wodd prevent a flow increase to greater 
speeds? 

FREQUENCY 
OF OCCiiRRENCE OF TOP3ADOES 

The probability of a tornado striking the Rocky 
Flats facility is estimated primarily from hktorid 
data giving the number and sizes of tornadoes 
repcrted !acally during a 2 1 -year period. The 
presence of the Rocky Xountains, with the fooPhi!fs 
being only four miles west of the plurt, influ, -nces 
the meteorological conditions in the area. In 
particular, theories of tornado fonnatior. predict 
that storms that are inter.= enough to genente 
tornadoes will m e l y  occur this close to the 
mountains-also that any tornadoes gentrated will 
be smaller a@d weaker than those occurring in the 
plains t o  the east.* A study of all reported tornadocs 
in the State of Colorado during 1959-1972, for 
which wind speeds were recorded or estimated, 
supports these theories.** Figure 2 shows the 

P 

-- 
*ucrcws 7, ?la# 4-5. 

**Rc;CmKI 7. ~ l r  1). 
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FIGURE 2. CcopphiJ  Distribution of Tomadas in the State of C d d o  During 1959-1972. Eacircled 
numbcn comspond to Fujita M e  spcdicatioru explained in the text (see Rcfercna 7). 

w p h i c a l  distribution of these tornadoes. Each 
circk in Figure 2 represents the location of a 
tomado, and the number inside each circle is a 
measure of the dorm's intensity on the Fujita 
Scak! This scale is a way to correlate. approxi- 
mately, wind speeds with reported damage. The 
rcok is described more fully in the section of this 
repart entitied Structural Damage to Rocky Flats 
wlildingr. 

Because of the dependence of totnado frequency 
and size on the proximity of the mountains, the 
fornado probability for Rocky Flats is assessed by 
mtuw of a detailed study of the local area. The 
gwgrapMca1 area studied is a long, narrow, 
recturguLr region approximately paralkl to the 

4 

mountains and with the plant in the center of the 
western edge. The north-south dimension is 
approximately 41 miles, and the cast-west dimension 
is approximately 10 miles, giving a total a m  of 429 
quare miles. The @on was defined in terms of 
its longitudinal and latitudinal coordinates s as 
to conform to the format in which data on tornado 
locations are reported. 

specifically, the region is the a m  from the plant 
site (39O 54' north latitude, 105" 12' west 
kmgitude) PIUS 0" 18' to the north, minus 0" 18' 
to the south, and &us 0" 24' to tht cast. The 
qrr of interest therefore is  bounded by 39O 36' 
pad400 12'northlatitudeand 105' 12'and 
1 0 4 O  48'wcd longitude. 
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Infannation from The Smre Storms Forecast 
Center at Kansas City and from a survey of the 
Enrh.onmentatl Data SerViixs'Monthfv Bulletin of 
Stwm Dota shows that during the 21 years from 
19% 1974, eighteen tomadoer wm 
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FIGURE 3. Schematic Representation of Locrtiw of 

dinates tnd m Rdatiaa to Rocky Fhtr. (Notice that 
d e  ia d e s  is different for vertical md hoxizontd ma.) 

Reported T m d e r  (19541974) by Ceologkd Coor- 

reported within t!e geographical ana selected. 
The intensities were reported for I2 of these and 
arc alJ either FO or F1 on the Fujita Scale (see 
Table 3). The location of these 18 tornadas by 
gological coordinates and nlative to Rocky Flats 
is shown schematically in Figun 3. 

Robability of 8 T d o  at Rodsy FJats 

The avenge number of tornadoes per year in the 
region studied is 0.86. Its area is 429 square miles, 
giving a probabfty of about 2.0 X t 0'' per year 
for the occumna of a tornado per square mik. 
Ihe probability per year of a tornado striking one 
of more of the plutonium areas at Rocky fits is 
found by mdtipfying 2.0 X IO-' by the size of the 
vulnenbk area within the plant site and by taking 
into account the typical dimensions of the tonudo 
reported in this area. The probability must also be 
haeased somewhat to dIow for the sypposition 
thptIometumad~ueunnport6d. Detaikof 
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this computation am shown in Appendix B. The 
probability nhre obtained is 2.2 X 10- per year. 

wind S ~ U I  8t Boilding Height 

Ihc wind speed within a tornado is believed to vary 
&pending on its height above ground and the 
h o e  from the tornado Taking the 
bight vwhtion into account and assuming that 
the strongest tornado that could occuf in this 
geographical Iocation wouId be of strength F3 
(see Table 3). the nsultini: wind speed at the 
heights of Rocky Flats’ buildings would be in the 
range of 100 to 130 mph. 

DAMAGE 
FROM DOWNSLOPE WINDS OR T0RNAW)ES 

SbactrurlFrihut 

Information about high-wind damage to structures 
comes in part from reports of tornado damage and 
in part from theoretica; wind-tunnel studies. For 
ordinary residential buildings, extensive failure 
of roofs, walls, and even foundations occur during 
wind speeds in the range of 150 and 200 mph.’ 
At these speeds, however, reinforced conaete 
buildings W y  are not damaged, except for 
possible interior damage to areas where windows 
ut broken.** For exampk, when cyclone Tracy 
hit Darwin, Australia on Chrismas, 1974, wind 
rpeods of up to about 170 mph were measured. 
Descriptions of the dam- included these 
obscrmtions: “Photographs show iron c?adding 
rtrippad from steel frame hangers of the Air Force 
BaJe, and the unreinford masonry buildings at 
tbc Naoal Headquarters compktely demolished as 
tbougb they had bden hit by an earthattake! ~n 
tbc other hand, connete structures at the Travel 
Lodge Motel appear undamaged.”*2 And “this 

/ 
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type of str~~ctun (reinforced concrete) appeared to 
perform adequately although the faiIure of 
reinforced concrete columns at the Community 
C o w  in the northern suburbs was an exception. 
rite major reinfordconmete buildings in the 
commercial centre suffered damage to brick inf&, 
roof membranes and glazing but apparently no 
structunl damage.”13 

Concrete block and other X X S O M ~  stmctures are 
often damaged &y wind speeds above 100 mph. 
A report on a Dallas. Texas tornado in 1957 
contrasts the damage experienced by frame houses 
and by masonry structures. 

In studying damage to structures, two general 
modes of collapse, one typical for frame houses 
and the other for masonry structures could be 
distinguished. Masonry buiIdings responded to  
the internal fora caused by the pressure! reduction 
outside of the building, which pushed the walls 
outward and allowed the roof to fall in while 
frame houses with more ventilation and therefore 
more possibility for equalization of pressures 
showed rather the struggle to resist the sheer 
driving force of the wind. In the latter, the 
roofs we& ripped off by wind motion, and the 
wak blown over and strewn along the tornado 
path. Masonry walls, exhibiting more rigidity, 
acted as a unit and were pushed over at once, 
while fnme construction could give and there- 
fore wzs not so frequently seriously damaged.’ 

The minimum wind speeds necessary to cause the 
collapse of masonry walls during this tornado were 
estimated at from 92 to 109 mph.** 

A general description of the damage resulting from 
winds of different speeds is found in the Fujita 
Scak mentioned earlin. This scale classifies storms 
into five types as shown in Table 3. 

Structud Dmqe to Rocky Flats Buiidings 

Using the Fujita Scak to classify the winds and 
applying the descriptive information gathmd to 

*RcrCrraa 14. b 167. 
-RCkrrrrC 14. 174. 
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the plutonium building at Rocky Flats, the follow- * estimates of the effects on structure from high- 
Ipad winds arc obtained. 

Case A - Winds 125-157 Miles Per How 

At this speed, buildings having metal or asbestos 
aiding would be expected to suffer some structural 
damage. Sheets of metal siding might be ripped 
off. Holes in the wall would allow equipment and 
stored material to be blown around in the interior 
of the building. Some of the walls of concrete 
block brdldings may collapse. 

Hoks might be made in the walls of  Building 4, 
siding might be torn loose from Building 8, and 
walls of Building 5 and 7 may partialIy collapse. 
A spced of 125 mph is used as the lower limit for 
this case since that value is the design basis wind 
for Buildings 4,7. and 8. 

Case B - Winds 158-206 Miles Per Hour 

Damage to metal or asbestos buildings would bc 
more extensive than that described under Cace A. 
Asbestos siding may shatter in places, and large 
portions of the walls of masonry (concrete block) 
bugdings may collapse. Doors on concrete structures 
might be blown in or out allowing some interior 
wind damage to occur. 

Dunage from Wind- or Tornado-Borne Missiles 

In addition to structural damage during a high 
wind, buildings may be damaged by loose objects 
or pkces of more fragile buildings that are picked 
up and carried along by the wind. Thc higher the 
wind speed, the more likely an object is to become 
&borne and the greater its force when it crashes 
nto anything in its path. Objects that are heavy 
mough to be a serious source of damage, however, 
equh wry fast wind speeds before they become 
lirborne; furthermore, because of air resistance, 
hese airborne missiles travel at speeds less than 
hat of the wind that Canjes them alohg. As an 
txampk, f i i  analyses of a 1957 tornado in 
lpllas indicated that although wind speeds reached 

I 

132 mph. none of the speeds of 400 pieces of 
debris travehg over paths that were observed 
exaeded 125 mph.'* On the other hand, an 
example of an object unusual in that i: is both 
heavy and yet "flies well" would be a steel 
reinforced beam attached to a carport roof that 
has been tom off its wall by the storm. During a 
1973tornado in Plainview, Texas, such a beam 
penetrated the exterior wall of a conventional 
brick-veneer residence and passed through several 
pieces of furniture inside the house.'5 

In safety studies for nuckar reactors, possible 
damage by missiles ranging from wooden planks 
to automobiles has been discussed." The force 
with which a missile strikes a building depends on 
details of the physical characteristics of the object 
(its weight, size, and aerodynamic features), the 
speed of the wind, and t8c vertical and horizontal 
distances the object is carried. This information 
would be difficult to obtain for all likely objects 
and storms; furthermore, the theoretical formulae 
for penetration gives values that do not correspond 
closely to empirical data." For these reasons, 
the following assumptions about types of airborne 
missiles and their damage will be made. 

Missile Description Damage Expected 

Iage wooden plank, Would penetrate the 
1 Zfoot long, weighing 
about 200 pounds. 0.5-inch asbestos 

exterior wall (which is 

board) of Building 4. 

Steel pipe, IO-feet long 
weighing about I 0 0  
pounds. 4. Could penetrate the 

Would penetrate the 
exterior wall of Buiiding 

roof of Building 5. 
(Minimum roof thick- 
ness is 2 inches of 
mnue te .) 

Automobile, 3000 WouM make a hole in 
pounds, rolling into 
building. 5.7, and 8. 

the wall of Buildings 4, 

It is hypothesized that *&e wooden p'ank would 
become airborne during a windstorm or a tornado 
at wind speeds in the upper end of the F2 range 
(about 140-158 mph). It is assumed that a plank 
hits each of the plutonium buildings when winds 
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we in that range. For winds above 158 mph, the 

of the more d o u s  structural damage expected, 
which d t s  in a greater contribution to any 
ndjo8ctiverekasc. 

A steel pipe migile is assumed to become airborne 
during the sutaind winds of a tornado (but not 
during the gusts of a windstorm) and to hit the 
roof of every plutonium budding. 

S f f e d  O f  the I l lh ik  be Motad beaW 

An automobile wouM become a rolling missile at 
wind speeds above about 200 mph; howem, as 
was the case for wooden planks, structural domapa 
of faihrn would be more important at thee rpeeda 
For this reason. automobile damage will be omitted. 

Ihe assumption that one phnk or pipe hits each 
buildhg under the conditions specified is a 
compromise between scenarios when no missh 
m availauk and those where many misailet hit 
each building. 

Although the three typcs of missiles discussed 
would damage the buildings, in must cases no 
radioactive release would be expected to o m .  
A W e  penetrating a roof wouM have to ht and 
snake a hQk in a filter pknum or in duct work 
leading to the pknlim to cause a release. Such a 
missile would probably remain lodged in the hok 
created. If not, the airflavv would be into rather 
than out of the hok as long as the fitter's air pump 
was operating. During a tornado, however, 
negative prtsant for a few seconds outside the 
building would draw out unfiltered air. Negative 
ptsnrre also may occut during high winds because 
of ttat Bernoulli effect. The amounts of nkasc 
urd their probabilities for each building have been 
W, taking into account the proportion of the 
rccoad floor that contains ducts and filter pknums. 
Wdes penetrating the walls of Building 4 will be 
amddercd as possibly causing a release (with 
probability = 0.01) if the hok made is near a glove- 
box ma. In this case, the containment of the box 
rad its duct work a u l d  be breached, which would 

8 

\ 

VIlOw the nlcrse of did air and chips of 
plutonium. 

Ln the case o f  damage by missiles to buildings 
containins p l u t o n i  packaged for shipping, it ia 
assumed that hoks in the structure will not x" 
in a plutonium rekmc and that containers within 
the building that might be hit by missiles or !down 
m u n d  by the wind probably would not be brdrm 
open. Even if they w m ,  no re- of  radioactivity 
from the building would be expected. 

Partial collapse of  walls or the ripping off of metal 
siding from buildings containing packaged plutonium 
is not expected to lead to any release of radioactivity. 
For Building 4, the release from possible fracturing 
o f  the siding by winds that are in the F2 range of 
the Fyiita Scak would be comparable to that 
Occurring from missik damage. For F3 winds, 
damage tothe wallswillbe assumed to occuf in 
many locations. 

SUMMARY OF HAZARDS 

Robabilitks 

Tornado: The probability per year that a plutonium 
building will be hit by a tornado is found to be 
approximately 2.2 X IO4. 

Maximum hwnslope Whd: The probability that 
the maximum wind speed experienced during a 

follow a Fisher-Tippet Type I1 (Frechet) 
distribution. The distribution was fit to maximum 
wind speed data colkcted at Rocky Flnts during 
five yesla (32 wind dorms). According to these 
data, the probabilities of high@ wind gusts ut 
as shown below. 
wind speed Probability Rdum Period 

(mph) @er Y W  (ywr) 

>loo 0.62 1.6 
3150 0.05 1 20 
>ZOO 0.0084 120 

dorm will be any particulaf value is a s s u d  to 

-- 
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TABLE 4. suanury of hb8bilit.h of Rdeus. Rst#a 
Amounts, and Weighted Awrage of Retura for Tornadat 

W r a A m a n t  ToblRobaW~y 
(r k) m Y d  

ob 1.1636 X lo-* 
0.7 6.2€46X X4 
1 1.0105 x 10- 
3 6.2646 X IOJ 

WWwA- 
of - 
(r h) 

6.9828 X IO"* 
4 3 3 ~ 2  x 104 

1.01oSx 10'' 
1.6794 X IO-' 

-3.3 x 10-7 

G ~ O U P ~  the Wind. Epeed3 into ranges to cofiewfid 
to the Fujita wind speed scale produces the following 
results: 

Wind Speed Return 
Range FujitaScak Probability Period 

Number (peryear) (years) - (mph) 

125 - 157 F2 0.16 6.3 
158 - 206 F3 0.032 31 

P3 9.1785 X lo-* 2.1 1.92'15 X lo-' 
t7219X lo-' 3 8.1657 X IO-' 
9.1785 X 9 8.mo7 x 104 -- 

F3 TOW (1.8354 x 10-9 

d P2 l . tM2X 10'' 0.6 7.1OS3X 10'' 

the greatest contribution to the weighted average 
of releass. 

Wdghted Avenge of the Relerst 

The amounts of plutonium released, given that a 
building is damaged, and the probabilities of  these 
nlcaserr axre assessed by considering the strength of 
the wind, the amount of plutonium available in the 
buildings, t!!e distance of  the plutonium from 
exterior wails, the elementss form and its contain- 
ment. Tables 4 and 5 show the total probabifity, 
release amount, and wind speed category for 
tornado and downslope winds. The last column Zn 
Tabks 4 and 5 is the weighted average of  the 
nkrse (rekase amount times the total probability). 
The overall, total, weighted average of the release 
a d  by to.-nadoes is 3.3 X 10'' gnan~s plutonium. 
Forhighwinds,itis€oundtobc2.2X 1O"lprams 
of plutonium (this is also called the "expected 
v8lw of the rekare" and the "#)urm term"). 
Thsra how thrt downtlope wind8 makc 

Precision of kits 

7 % ~  computed weighted average of the release 
aillied by high winds (2.2 X 
large. It is greater than that computed for aircraft 
crashes (3.7 X IO4 grams) and tornadoes 
(3.3 X IO-' gmns). This value could be unreal- 
istically high if the probabilities of the high winds 
arc too large, if the postulated damage to the 
buildings is greater than would actually occur, if 
the assessment of the amount of plutonium released 
is too conservative, or i f  any combination of these 
isthecase. 

?he wind probabilities arc based on a well-known 
mathematical model; howem, at some point this 
model will no longer apply since infrniteiy fiat 

grams) seems 

1-2-11 
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winds do not oca- .  It is not known at what 
speeds true wind-speed probabihties begin to differ 
from theoretical ones, nor to what extent they 
differ. Computing the probabilities with seven1 
mote years of data would be one way of  improving 
the estimates. 

The damage postulated to occur at various wind 
speeds is based on descriptions of what has happened 
to buildings of this general type under severe wind 
conditions. The Rocky Flats buildings may be 
stronger than the general class. This estimate of 
building strength could be improved by engineering 
tests. 

Support for the argument that the probability or 
the damage estimates are too high comes from 
consideration of the ‘Yeturn period” for the F2 and 
F3 category winds. The F2 return period is 
estimated to be 6.3 years. This means that a wind 
gust in that range would be expected to occur 
about once every 6.3 years. Since measuring 
instruments used in the past at Rocky Flats were 
not designed to record values in excess o f  lot) mph, 
the frequency of F2-range winds cannot be verified. 
It is postulated that in such a wind, the exterior 
walls of Buildings 4 and 5 would be breached at 
some point, either by wind-borne missiles or 
because of structural failure. This damage has not 
been experienced since the buildings were 
constructed; consequently, it can be assumed that 
either the pro5abiLities, the damage, or both are 
probably overestimated. 

i ’ REFERENCES 

I .  C. D. Whiteman and J. G. Whiteman. An 
HistoricaI Climatology of Damaging Downslope 
Windstorms at Boulder. CoIorado. NOAA 
Technical Report ERL336APCL35. U.S. 
Department of Commerce, Boulder, 
Colorado. November 1974. 

2. A. Am. Final Report Windloading Criterio 
for Boulder County. An unpublished report 
of The Western Interstate Commission on 
Higher Education, Intern Program, Boulder, 
Cobrado. 1974. 

10 

3. W. A. R. Brinkmann. A CIimatologicaI Study 
o f  Strong Downslope Winds in the Boulder 
Area NCAR Cooperative Thesis No. 27. 
University of Colorado, Boulder, Colorado. 
1973. 

4. E .  J. Gumbel. Statistics OfExtremes. 
Columbia University Press, New York. 1967. 

5. H, C. S. Thom. “New Distributions of 
Extreme Winds in the United States,” 
Journal of the Structural Division, A X E ,  
Vol. 94, No. .W. July 1968. 

6. Personal communication with W. Bergen, 
National Center for Atmospheric Research, 
Boulder, Colorado. November 1975. 

7. J. R. McDonald and J. E. Minor. Develop 
menf of a Design Basis Tornado for the Rocky 
FIats Site. Colorado. Prepared for C. F. Braun 
and Co., Alhambra, California. July, 1972. 

8. T. T. Fujita. Proposed Characterization of  
Tornadoes and Hurrdanes by Area and 
Density. SMRP Research Paper No. 9 1. 
Department of Geophysical Sciences, 
University of Chicago. February 1971. 

9. W. H. Hoecker. “Wnd Speed and Air Flow 
Patterns in the Dallas Tornado of April 2, 
1957.” Monthly Weather Rev., Vol. 88, 
No. 5 , pp 167-1 80. May 1960. 

10. J. R. Eagleman, V. U. Murihead, and N. 
Wilkms. Thunderstorms, Tornadoes, and 
Building Damage. Lexington Books, D. C. 
Heath & Co., Lexington, Massachusetts. 
1975. 

1 1 .  M. G. Melarangno. Tornado Forces and Their 
Effects on Buildings, Kansas State University, 
Manhattan, Kansas. 1968. 

12. B. A. Bolt. “Damage from the Darwin 
Cyclone, Christmas 1974.” Wind Eqtneering 
CounciI News!etter, Vd. 1 , No. 1. May 1975. 

13. B. J. Vickery. “A Report on Wind Damage 
Caused in Darwin by Cyclone Tracy,” Wind 

E-2-12 

-. ... 



I . 
i 

1 
’ 4 .  

RFP-2523 
’\ 

__ 
Engfneering Research Council Newsletter, 
Vol. 1, No. 1 ,  Page 27. May 1975. 

14. me Tornodoes at Dallas, Texas, April 2. 
1957. U. S. Department of Commerce 
Wather Bureau Research Paper No. 41. 
1960. 

15. 1. R. McDonald, K. C. Mehta, and J. E. Minor. 
‘Tornado-Resistant De@ of Nuclear Power- 
ptnt Structures.” NuclearSafety, Vol. 15, 

/ 

NO. 4. JUty-A~gust 1974. 

16. P. L. Doan. ‘Tornado Considerations for 
Nuclw Power Plant Structures.” Nuclear 
&fety. Vol. 1 1 ,  No. 4. July-August 1970. / 

17. R. C. Cwlatney. WMiSsile Generation and 
Protection in Light-WaterCookd Reacton.” 
Nuclear Safety. Vol. IO, No. 4. Juty-Augud 
1969. 

18. J. Lieblein. A New Method o f A d y r f n g  
Extreme-Value Data. NACA-TN-3053. 
National Advisory Committee for A C ~ M U ~ ~ C S .  
January 1954. 

19. V. E. Blake. A Rediction of the Hazw& 
fiom Random Impact of Meteorites on the 
Earth 5 Surface. SC-RR-68-838. Clearing 
House for Federal Scientific and Technical 
Information, National Bureru of Standads, 
Springfield, Virginia. 

L-2-13 

d 



RFP-2523 

A P P E N D I X  A 

DEI'AILS OF CALxNwnoNS OF WIND-SPEED PROBABILITIES 

Thb Appendix d e w  the technique wed to 
compute wind- probabilities o f  maximum 
gusts on the basis of m i p k  data. The steps in the 
calculation uc (I  ) The preparation of a probability 
m p h  of the data, (2) The fitting, by order statistics, 
of a straight line through the data. -This is usad in 
empolations to e8timate probabilities for wind 
qmdr greater than those observed in the m p l a ,  
and (3) The determination of the confidence of 
probabilities estimated in Step (2). ThGdheory 
behind these calculations is attributed b i n l y  to 

- -- (;umbel;* the application of the theory, especially 
the order statistics calculation, follows the method 
cltuly prewntcd by Liebkin." 

The data am analyzed by the two distributions, 
F h - T i p p e t t  Type I and Fisher-Tippett "ype I1 
(rbo called the Frechet distribution). The second 
of these assumes that the logarithm of the variable 
(wind speed), of which the extreme values 
(maximum gusts) are being studied, follows an 
cxpontential type of distribution. This is a 
commonly made assumption; thus, the Type I1 
distribution will be taken as the correct distribution 
from which to estimate the maximum windapeed 
probabilities. The Type I distribution is shown 
rimply for pwposes of comparison and because it 
wu the distribution applied by Amr.' Further data 
must be conected and work done before anything 
further can be said on the relative merits o f  these 
two distributiom. 

For the Type I distribution, the cumulative 
guobability of x, F(x), which is the probability 
of a value (in thiscxampk the wind speed) beins 
brr than or equal to x, b written as followr: 

k 
lLpe I: 

where u rad 8, are constants. The Type I! 
distriiution can be fowd either by substituting 
In x for x or by rcwritirig the distribution as 

w n: 
B (wind speed Cx) = F(x) 

The constants 7 and & can be expressed in terms of 
the Type I constants as 

1 
'Yr- and & = exp a. 81 

The probability of a wind speed greater than the 
value x, in other words the probability of exceeding 
x, is equal to 1 - F(x) or, 

Type I: 

and 

(4) 

For dmpliaty of notation, a transformation of x is 
mrda to y where y = (x - a)/B so that, for example, 
ths ?Lpe I distribution CM be written 

t=2-14 It 

\ / 
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TABLE A-1. RoJry F W  Wind lktr Five Ytur 

h&* 
YOU Yoarb 

1%9 1 
1 
1 
3 
4 

I970 1 
2 
2 

I1 
11 
11 
I1 
12 

1971 1 
1 
I 
I 
2 
3 
3 

12 
1972 1 

1 
1 
1 
1 
1 

11 
12 

1973 3 
11 
12 

- - ar 
7 

29 
31 
19 
7 

2s 
3 

16 
21 
2s 
2t 
30 
31 
20 
23 
2s 
29 
11 
4 

31 
20 
S 
9 

11 
21 
24 
28 
26 

1 
13 

1 
2 

- 
mt.: or l chv lw ,  
naxbllom W k d  speed 

(mpw 

98 
62 

100 
86 
71 
94 
91 
79 
62 
71 
62 
97 
67 
71 
66 
9s 
76 
7s 
71 
74 
62 
81 
S6 

10s 
68 
82 
91 

104 
68 
72 
70 
92 

62 
71 
74 
86 
98 

100 
62 
62 
71 
79 
97 
97 
66 
61 
71 
7s 
76 
9s 
sb 
62 
71 
14 
81 

10s 
48 
68 
72 
82 
91 

104 
70 
92 

mtr: orcbredfrca, 
u&bmEmtoyLtlmum 

W) 

56 
6J  
62 
62 
63 
66 
67 
68 
68 
70 
71 
71 
71 
71 
72 
74 
74 
7s 
76 
79 
81 
82 
t 6  
91 
92 
9s 
97 
97 
98 

I00 
104 
10s 

llrat 

1 
2 
3 
4 
1 
6 
1 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
21 
28 
29 
30 
31 
32 

- 

I 

This is analogous to the use of a standardized 
wiate t (x-p)/u in the normal distribution. 
This y is referred to as the “reduced variate.” 

Robability Graph 

A probability graph is prepared from data that 
hve been put in order from smallest to largest. 

14 

The rank of an obsemtion is then taken 0 an 
estimate of its aunulativa probability. For exmpb, 
Table A-1 shows the abservbd, maximum, wind 
rpaed recorded in each of 32 storms. Column 2 
lists UKI data according to wiginal obmemtions. 
In C o b  4, the data have been remrdercd from 
cuuSlut to largest. ?he r8nk order of each obrsnr- 
tion is ahown in Column 5. Th6 infomation to be 
plotted on tlce probability graph ir the ordered 
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FIGURE A4. Fitting the Data to I 
Fixha-Tippet1 Vpc I Distribution 

obsrvations, Xi, i =: I to n ,  versus their cumulative 
probability estimate taken to be i/(n+l), &ere i 
is the rank and n the total number o f  observations 
(here n = 37). The x viiues are plotted on a 
uniform d e  along the horizontal axis. The i/(n+l) 
values am plotted on a distorted vertical axis, 
designed in such a manner that the extreme value 
distribution, exp(-exp(-y) )will plot as a straight 
line. To obtain this feature on ordinary graph 
paper, the value plotted along the vertical axis is 

Wind data graphed in this manner arc presented 
in Figures A4 and A-2. Two additional scales have 
been drawn in to permit one to read directly from 
the gmphs the probability of exceeding any wind 
rpeed and the comsponding “return period” (the 
reciprocal of the probability, interpvetcd as the 
axpected number of storms or years between the 
occumnct af winds this high or higher). For 
&eater psdsion the probabilities should be 
oo?rcputed from Equation 1 knd 2 or Equation 3 
and 4 uing the constants developed in the next 
mction. 

RFP-2523 

FIGURE A-2. Fitting the Data to I 
Fisk-Tippctt Type 11 Distribution 

Fitting a Line to the Data 

Once the observations have been plotted on an 
extreme-value probability graph, as described abow, 
a line can be fit by eye to the data. This will 
provide an approximate method for finding (by 
interpolation or extrapolation) the probabilities 
associated with wind speeds other than those 
obsemd in the sample. A better way to fit a line 
to the data, however, is mathematically by means 
o f  order statistic as described by LiebIein.ln The 
fvst step in the procedure is to ordcr dw data 
within groups of six observations (Colunm 3, 
Table A-I). For details o f  the rest of the method, 
see Reference 18. This method yields estimates of 
the constants in Eqwtio~ 1 and 2 so that once a 
mcdel for the process has been chosen (lt is 
concluded hen that Equation 2, the Type II model, 
is appropriate), the cumulative probability vdues 
for any x (wind speed) can be determined from 
the equation. For these data, the constants wen 
computed to be: 

Equation 1 a = 71.0337 
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Equation2 'Y= 6.27058 

= 70.2809 

So, for example, applying the Type I1 distribution 
for a wind speed of 150 mph results in (from 
Equation 4) 

P (Wind S P C ~  >lSO) = 1 - F (x) 

=z 1 - CXP (- .0.008618) 

= 1 - 0.99142 
= 85806 X lo-) 
-8.6 X 10') 

This is the probability o f  a wind >I50 mph per 
storm. To convert to probability per year, we 
multiply by 6, tht estimated number o f  storms 
per Y W .  

Confidence of the Estimates 

When a line is fit statistically to data as described 
above and shown in the figures, it is possible to 
calculate the degree o f  confidence one should have 
in that line compared to an ideal line that would 
be obtained if an infmite amount of data were 
available. Uncertainty about the accuracy o f  the 
position of the fitted line-whether, for example, 

its slope should be slightly steeper or less deep 
will have a large effect upon values obtained by 
extrapolating the line far beyond the observed 
points. For example, using the Type I1 distribution 
in Figure A-2 and converting the probabilities to 
probabilities of occurrence per year, the maximum 
wind speed of 200 mph is found to haw a proba- 
bility of about 8.4 X IO-). 

For that probability, however, the corresponding, 
maximum wind speed would be quite different if 
the slope of the line changed. It is possible to 
compute for each probability, the wind speed 
range about the line, which is plus or minus two 
standard deviations from the line position. For 
200  mph and probability equaling 8.4 X 
the wind speed range is from abo.Jt 140 mph to 
290 mph. This means it might be correct to say 
the probability per year of a wind exceeding 
140 mph is 8.4 X IO-'(e.g., the line should be 
steeper anc! high value winds are less likely than 
implied by the p;c;ent line) or, on the contrary, 
t,ht the probability per year o f  a wind exceeding 
290 myh is 8.4 X (eg., the line is less steep 
and h;gher speed winds Ere more likely than shown). 
Consequently, there is 3 great deal o f  WCCJ tainty 
associated with these fiiurcs. Nevertheless, &e 
lines as shown are the best estimates o f  the 
correspondence between maxinium winds and 
probabilities that can be found from the available 
sample of 32 storms. There is no itatistical teason 
to assume that the line should be in the steeper 
part of the range (implying a lessened wind hazard) 
rather than in the less steep part of the range. 
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DETAILS OF CAIxNuFIoPIS OF TORNADO PROBABILITY 

VuhrcarbbArea 

7lm rize of the uw vuEnsnbla to tonudo ir Won 
to bo 0.0884 rquua mik. Thi8 f w  is computed 
by adding tho "extended MU** of the pbtonium 
buildings. Thsrs oxtended muam are inawhg the 
Wkiing dimenriom by 145 feet in every dimctlon 
to account for the fad Ulrt tho tomrdo, WW ia 
treat& w a point in ths probbility alcuhth, 

nyirutbat if the mter of ths tornado puset 
withh 145 feet of 8 b. 1LJlnd. the building WU be 
uwmed to Be hit by tho tornado. The vahko of 
I45 foet is m ertimnto of tho tor.udo rits, busd 
on reported tarnadom in the am md &wing for 
the postibla orientation of tha tornado. 

O c h u l t y  hu& W&b Ud knpth. This htha U 

RFP-2523 

An ertimrte of the a d  tonudo frequency, 
thsmfom, a n  be obtained by multiplying the 
obrarvsd tiaqwncy by 1.25. 

Computation of Annul Robabilitios per Square Mik 

Nwby area = 429 Sqw milos 
Yean of ohvation = 2 1 
Tonudow otrssrvbd = 18 
Tonudoes per square mile per yeu = 18/429/2 1 

Factor to aamunt for unreported t o d o a s  = -1.25 
Annual probability of n tornulo, per square milt 

~ ~ 2 . 0  x 10-3 

= 2.0 x IO+ x 1.25 = z.4975 x ioe3 
At Rocky Flab' Plutonium Arus 

2.4975 X per rguva milo X 0.0884 miles of 
V U ~ N O  II# = 2.2074 x 104- 2.2 x 104.per 

I7 
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A P P E N D i X  C 

TECHNICAL NOTE ON THE HAZARD AT ROCKY FLA'TS 
PROM POISIBLE METEORITE IMPACI' 

The probability per year of a metwrite striking a 
plutonium building at Rocky Flats is computed to 
be approximately 8.88 X IO-'. 'ihis irpties that 
such J meteorite impact woctd be expected less 
than once in a million years. Because of the small 
probability of t W  occurrence and the presumption 
that even if a meteorite were to hit a plutonium 
building, there is littk chance that a release of 
plutonium woi4d result, the hazard at Rockv Flats 
from metwrite imp~ct is considered negligible. 

The probability of meteorite impact wm computed 
following the general method proposed by V. E. 

than or equal to one pound are considered. It has 
been estimated that about 3.500 such meteorites 
strike the earth emry year. I? is assumed that they 
strike the earth at random; that is, that a.3 equally 
likely to hit any part of the earth. 

Only meteorites having a size geater 

Details of the %leulation 

The total surface of the earth is approximately 

Rocky Flats composed of buildings containing 
plutonium has an area qwl to 0.05 quare miles; 
therefore, the fraction of the earth's surface 
occupied by these plutonium buildings at Rocky 
Flats is 

equal to 1.97 x I@  square miles. The part o f  

0.05 
1.97 X 1V 

The proportion of the earth nor occupied by those 
buildkg is then 

aual to or larger than one pound striking t b  
earth per yea+, the probability that none of them 
hits Rocky Flats is the product of aU these 
probabilities or 

Consequently, the probability that OM or m m  of 
the meteorites hits Rocky Flats is equal ?o one 
minus the jmbability that none does, or, 

0.05 \ 3 9 0  

I -  (1-197xLO;)  

To soh for this'quantity, we f i t  find the 
protabiiity that none strikes Rocky Flats, asing 
the series expansion: 

n(n-1 )a' n(n- 1) (n-2)a3 
(l-a)"=l -na+---- +... 

2! 3t 
or 

- 1 - 3300 (2.54 X 10"o) 

3,WQ (3.499) (2.54 X lO-'bil - . . . 
?I 

+ 
Li - : - 8.88 Y IO-' + 7.89 X - . . . 

The tams in this expansion tfter the fht two are 
nqhgibk. so we have 

i - 8.88 x 10-7 
0.Q5 

1.97 X l@ 
for the probabirity per year of VI meteorite unpact 
at Rocky Flats. The pmbabdity per year of one 
OT more such impacts %en becomes 

1- 

!hce a meteorite is assumed to strike the earth at 
a random location, thh proportion is also equal 
ta the probability that any particular meteorite 
hits the earth elsewhew than at a Rocky Flats 
plutonium buifding. If thm are 3,500 rnoteori:er 

10 

l - ( i - 8 . 8 8 X l W )  
or 

8.88 X IO-' 

t-2-19 
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INTRODUCTION J 

It is intended that the information presented in this Appendix will be sufficient 
to allow a person with no knowledge of radiation dosimetry but with mathematical 
skills to be able to reproduce any dose value presented in this Impact Statement. 
Where computer codes are used to generate dose conversion factors, the codes are 
referenced, inputs to the codes are described, and the dose conversion factors are 
tabulated. 
Statement, the derivations are presented in this Appendix. Considerations, assump- 
tions, and methodology for each type of dose calculation are discussed. 
calculations are presented. 

Where equations are derived specifically for calculations in this Impact 

Sample 

F.1 Dosimetry for Routine Releases 

F.l.l Inhalation Pathway 

This section describes the methods for calculating doses to off-site persons by 
way of inhalation of airbome radionuclides. 
concentration at the point of interest, defining the quantity inhaled, and determining 
the dose received by the organs over time. 

The methods involve defining the air 

F.l.l.l Dose from Inhalation 

The organ dose for a given radioisotope is the product of the source term S 
(curies released), the dispersion term x/Q* (seconds per meter 3 ) and the dose conver- 
sion factor FI (rem per curie inhaled multiplied by the breathing rate in meters 3 per 
second). The equation is then: 

Organ Dose ( r e m )  = S (6) F1 (1) 

where S = Source term (curies released) 
x/Q = dispersion factor (s/m 3 ) 

breathing rate in 3 /s). 
FI = dose conversion factor for inhalation (rem/Ci inhaled multiplied by the 

The total organ dose is the sum for all radionuclides of interest. 

Source Term 

The source term S has two components, the source term for the annual airborne 
release and the source tern for the material deposited off-site from the initial 
release and then resuspended. (This off-site resuspension is not to be confused with 
the on-site resuspension, which is included in the airborne source term). The values 

mroughout this discussion, x/Q is used to represent x/Q', where x is the ground 
level air concentration in Ci/m3 and Q '  is the rate o f  release at the source in 
Ci/s (neglecting radioactive decay) as given in Houston, et. al. (1976). 
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for the first component ,f the source term are obta+ned from Table 3.1.2-1, multiplied 
by 70 to obtain the srdrce term over a 70-year period. 

Values for the second component of  the source term are a factor 0.97 (the resus- 
pension ratio) times the source terms in the first component, except for zrlAm. 
*4rAm there is an additional component resulting from the ingrowth of z 4 1 k 5  from 

Thio factor is 0.0047 times the source tera in Table 3.1.2-1 for z41P~. 
derivation of these factors is shown below. 

For 

The 

Derivation o f  the Resuspension Ratio 

This derivation is to determine the ratio of the integrated air concentration _/ 

- from resuspension to the integrated air concentration from the initial release, for a 
chronic release over 70 years. 

/ 

where k(t - T I  = 

sr = 

First, determine the air ccncentration at time t resulting from resuspension. 
This air concentration is given by 

Air Concentration = k(t - T) Sr Vd dr at t 

Vd = 
t =  

t =  

resuspension factor (si-’) 

air concentration at the point of interest from the continuous air- 
borne release (Ci/m 3 ) 

deposition velocity (in/&) 
time of deposition from the start of release (days) 
time since the start of the continuous deposition (days) 

The resuspension factor is the ratio of the air concentration (Ci/m 3 1 from . 
resuspension to the surface concentration (Ci/m 2 ) on the soil. The expression for 
the resuspension factor used here is the one developed by Anspaugh, et al. (Anspaugh, 
et.al., 19751, which has the form 

fot,undisturbed soil. 
value of 10” was modified by a factor of 100 to a value of 
approach of the Colorado Department of Health (CDH, 1976). 
the expression e -O* l s f i  is approximated by the sum of four exponentials, 

To consider the possibility of aisturbed soii, the equilibrium 
following the 

To simplify integration, 

t -o . l s f i I  o*55e-5.5 x 10-2t + *.#le- 6.1 x 10 -3t + o.055e- 2.0 10-~t 
(4) .. 3 8.0 x 10*t 

+ 1.22 x 10- e‘ 
The deposition velocity vd is the apparent speed at which the particles settle 

from the air. 
pm, a value of Vd = 0.001 m/s is used. 

For particles with activity median aerodynamic diameter (AHAD) of  0.3 

? 

, 
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Using these values, the integration of equation 2 yields the air concentration 
1 from rssuspension at time t: - 

Air Concentration = 86.4 S, [l.OO x (1-e -5.5 x 10-5) 

1 -6.1 10% at t 
+ 4.92 x (I-e (5) 

- Next, the integrated air concentration from resuspension over time t needs to be 
determined. 
yielding 

This determination is accomplished by integrating equation 5 over t, 

Integrated Air Y = 86.4 5, c8.82 x 10-3t - 1.82 x (1-e- 5.5 x lo-%) 
(6) 3 3 

Concentration 
- 0.806 (l-e'6.1 lo- t, - 1.3 (l-e-2'0 lo- ') 

Equation 6 is the numeratgr of the desired resuspension ratio. The'denominator 
(the integrated air concentration from ti 3 initial release) is given by Srt, which is 
the product 3f the air concentiation for the initial reletse and the time since the 
start of the release. 
equals 0.86 and applies to routine chronic releases from 70 years of Plant operation, 
starting with no initial radioactivity. When this ratio is multiplied by the inte- 
grated 70-year source term, the result is the integrated air concentration from 
resuspension. 

The ratio Y/Srt, evaluated for 70 years (t = 25567.5 days), 

When applying this factor, note that mathematically it makes no difference 
whether the factor is applied before or after considering dispersion. The above 
derivation is made for conditions after dispersion. 
also be considered to be the airborre source term given in Table 3.1.2-1, since Sr 
appcars in both the numerator and denominator of the ratio Y/S,t and any modifying 
factors for S- cancel. 
by determining a total airborne source term S equal to 1.97  times (and 70 times) the 
values listed in Table 3.1.2-1 (except for tritium). Note also that the same factor 
can be applied for all radioisotopes (except 3H), since no radioactive decay is 
assumed. This is a conservative assumption for those radioisotopes with half-lives 
short compared to the 70 years. 

The air concentrarion Sr can 

Calculations for this impact statement are more easily made 

For 041An there is an additional component to the total source term, that is the 
contribution from 241Am ingrown from the decay of 24lPu and then resuspended. The 
derivation of this factor is similar to that for the simple resuspension case, but 
slightly more complex. In this case the 241Pu is deposited chronically, 241Am grows 
in from the decay of tne 241Pu, and the 241Am is resuspended at a rate governed by 
the time since deposition of the 2 4 1 P ~ .  
air concentration of 241Am to the integrated air concentration of 241Pu from the 
initial releases. 

The end factor is the ratio of the integrated 

F-3 . 



2 The derivation i s  as follows. Let Po be the ground Concentration (grams/meter ) 

of x4tPu deposited at t=O. 
release will be approximated by integrating a large number of acute releases.) 
rate of change of the air concentration of 241h is given by 

Consider this to be an acute deposition. (A chronic 
The 

where A = air concentration of 241Am (urn3) at time t 
k = resuspension factor (m-') 

t = time since the deposition of 241Pu (d) 
A1 = physical decay constant for Z4'Pu (d") = 1.322 x 10- 4 1  d- 

Using the modified Anspaugh expression for k (containing the exponential approxi- 
mation) and integrating yields the air concentration of 2 4 1 A m  at time t: 

The iitegrated air concentration of ~ ~ ' A I Q  over time t from the deposition of 
24rPu at time t=O is obtained by integrating equation 8. 

The amounts of 24rAm and 241Pu used in these equations are in terms of sass 
(grams). 
2 r 1 A m  (3.42 Ci/g) and Po by 103.5 Ci/g for 241Pu. 
surface concentration of 241Pu on the ground at t=O. 
antOUnt of 241Pu released PQ, divide Po by the deposition velocity (vd=o.ool m/s) and 

equation 9 so that the ratio of the integrated 241Am activity concentration in the 
air, from ingrowth and resuspension, to the initial 241Pu source term, for an acute 
release, is obtained: 

To convert to activity (curies) multiply AINT by the specific activity for 
The value of Po pertains to the 

To convert to the initial 

by unit dispersion (x/Q = 1 s/m 3 ). The result of these conversions is to modify 

To obtain the total integrated activity of the resuspended 241h over a 
period of time T, equation 10 is integrated from t=O to T, yielding equation 11. 

\ . -  '.. . . 
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The resuspension ratio for lr1Am is the ratio of the total integrated activity 
4 + to the activity of 241Pu released over T, P T. 

70-year source term for l4lPu, the result is the total integrated air concentration 
of ingrown z 4 1 ~ .  

Evaluated for Tz2.55675 x 10 days 
(70 years), the ratio +/PqT = 4.7 x 10- 3 Q  . When this ratio is multiplied by the 

Dispersion Term 

The values of the dispersion term x/Q are calculated and presented in Appendix 
6-2. For chronic emissions the appropriate vklues are those calculated for meteoro- 
logical conditions averaged over the year and weighted according to the fraction of 
the time the wind blows towards a given sector. These values are presented in Table 
6-2-5. The radionuclide concentration in air for the centerline of the plume Is 
assumed for all persons in a sector. Also assumed is that there is no depletion of 
the plume by deposition of particles before the plume reaches the person. 

- Dose Conversion Factors 

Values of the dose conversion factors FI (except for tritium) are generated by 
the DACRIN computer code developed at Battelle-Pacific Northwest Laboratories (Houston, 
et al., 1974). For tritium the dose conversion factor is derived from data in a 
document by Hoenes and Soldat (Hoenes and Soldat, 1975). 

The DACRIN computer code is used to calculate the effective organ dose or dose 
commitment to any of 23 organs or tissues based on the model of the respiratory tract 
developed by the lCRP Task Group on Lung Dynamics (ICRP, 1966). Organ uptake of 
radionuclides from the blood and clearance of the radionuclides from the organ are 
modeled according to ICRP Publications #2 (lCRP, 1959) and 619 (ICRP, 1972). 

Inputs to the DACRIN code used to generate the dose conversion factors are 
duration of intake dose period following the end of uptake, organs of interest, 
radionuclides of interest, radionuclide release rate, particle size (ANAD), solubility 
class, breathing rate, and specific dispersion model to be used. The code contains a 
data library in which are stored values of parameters such as organ mass, clearance 
rate, and partition fraction within the body. Values in the data library may be 
altered if desired. 

Specific values of the inputs and alterations to the data library are as follows. 
For the 70-year dose from 70 years of uptake, the uptake time is 2.209 x 10 9 seconds 

(70 years) followed by 0.1 sfconds of extra dose accumulation. 
requires both inputs, so, in the case of a chronic uptake, a negligibly short period 
of  dose accumulation is used.) 
of chronic uptake, the uptake time is 3.156 x 10 
dose accumulation time of 2.177 x 10 seconds (69 years). 

(The DACZIN code 

For the calculation of the 70-year dose from one year 
7 seconds (one year) followed by a 

9 
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Organs of interest for routine releases are the total body, liver, bone, and 
lungs. 

Solubility class W, defined by the ICRP Task Group on Lung Dynamics, as material 
with a maximal clearance half-time from the lungs ranging from a few days to a few 
months, is used for radionuclides in the total body. liver, and bone. Solu5ility 
Class Y, used by the ICHr" to describe materials retained in the lungs. with a maximal 
biological half-time ranging from 6 months to several years, is used for the lungs. 
Obviously, the inhaled material cannot be both Class W and Class Y simultaneously as 
this treatment suggests. However, since the exact solubility of the inhaled material 
is not known, this treatnent is conservatively used to yield a maximum dose to any c;f 
these organs regardless of the actual solubility. 

A particle size o f  0 . 3  pm AHAD is used, because the filter systems at Rocky 
Flats have a minimum efficiency at this value. 
were as small as 0.01 pm W, the deposition in the pulmonary region of the respira- 
tory tract (about 75%) would only be double that for the 0.3 pm AMAD particles, 
resu1tii.g in dose conversion factors which would be almost doubled. Even with 100% 
deposition in the pulmonary region, an uniikely occurrence for any particle size, the 
dose conversion factor resulting from the ICRP modeling would only increase by less 
than 2.7 over the value obtained for the 0.3 p m  particle size. Therefore, no natter 
what the particle size actually is, the organ dose would not be -,denstimated by 
more than a factor of 2.7, based on ICRP modeling. 
rate of 3.59 x 

Note that even if the particle size 

For maximum intake, a breathing 
m3/s, derived from ICRP #23 (ICRP, 1975). is used. 

The breathing rate for a chronic exposure is taken to be 2.66 x 1 ~ ) ' ~  m3/s, based 
on data for reference man for total air breathed over 24 hours (ICRP, 1974). 

The DACRIN code contains a provision for calculating atmospheric dispersion. 
This part of the code was bypassed by inputting a value of unit x/Q at a distance of 
1 meter. 
calculation of the organ dose (see Equation 1). 

Dispersion factors specific to Rocky Flats are used separately in the 

The radionuclides of interest are those listed in Table 3.1.2-1, except for 
The dose conversion factors are calculated for an activity o f  one 3 - .  

tritium ( HI. 
curie released chronically over the period of uptake. 



n 

I"  

The fractions used are obtained from ICRP IC19 (ICRP, 1972). They are 0.45 for 
both the bone and liver, and 0.1 for the total body. (The value of 0.1 actually 
pertains to "other tissues and excreta", according to ICRP B19. For this Impact 
Statement, to be conservative, all of the 0.1 is considered to pertain to the other 
tissues of the total body. 
fore refers to all tissues of the body except the mineral bone and the liver. For 
all other radionuclides the total body refers to all the tissues of the body, including 
the bone and liver. 
body for dose calculations is all tissues and organs except those for which a separate 
dose is calculated and for which there is a concentration of the radionuclide. When 
the amounts of the radionuclides that are concentrated in one or several organs are 
also considered to be distributed uniformly among all the tissues and organs of the 
total body, the resulting total body dose is artificially, but conservatively, high. 
Conceptually, the total body dose in this Impact Statement refers to all tissues a d  
organs except the bone. liver, and lung. Mathematically, the "total body" dose is a 
hybrid of the two concepts.) 

The total bo&? "organ" for plutonium and americium there- 

For internal depositions, the appropriate concept of the total 

Table 3.1.2-1 lists three items for which the dose conversion factors are not 
generated by the DACRlN code. The irems are tritium, 236U, and the miscellaneous 
alpha emitting isotopes. For tritium the doss conversion factor of 2.40 x rem 
per Ci inhaled is derived from NUREG-0172. Table 8 (Hoenes. 1977). The value of 1.58 
x rnrem/50 yr per pCi inhaled given in NUREC-0172 converts to the value 2.40 x 
lo'* rem/Ci inhaled as follows. Since tritium has an effective half-time in the body 
which is very short compared to one year (12 days, ICRP f!2), the activity inhaled 
chronically drring the year delivers nearly all the dose in that year. The NUREG- 
0172 value therefore also pertains to the dose in one year, i.e. 1.58 x loe7 mrem/yr 
per pCi inhaled. The same argument pertains to the acti*pity inhaled over 70 years, 
so that one obtains a value of 1 .58  x 

Hultiplying by the chronic breathing rate of 2.66 x m3/s and converting mrem to 
rem and pCi to Ci yields the value of 4.20 x 
rem/Ci inhaled for unit x/Q for all tissues and organs of the total body. As stated 
in NUREG-0172, "the radiation dose due to absorption through the skin has been 
included in the inhalation dose commitment factors for tritium." 

mrem per pCj inhaled over 70 years. 

(rem.m3)/(Ci.s) or 4.20 x 

For the cvse conversion factor for "miscellaneous alpha emitting isotopes" 
(Table 3.1.2-11, the dose conversion factor for curium-242 is used, since this isotope 
yields the largest factors for the liver, bone, and lungs, compared to other reasonable 
choices. Tie dose conversion factors for 242Cm are generated for this Impact Statement 
by multiplying the dose conversion factor for 241&a by the ratio of values of the 
effective energy deposition per disintegration, given in ICRP 112, of 242Cm to 0 4 * h .  

The dose conversion factors for 2361J are obtained by comparison with 2s4U using the 
same method as above for values for 242Cm. 

F-7 
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Values of the dose conversion factors for the inhalation pathway for chronic 
releases are presented in Tables F-1 and F-2. These dose conversion factors are in ' 

terms of rem per curie released multiplied by the breathing rate (E 3 /SI and by a 

dispersion factor (x/Q equal to unity) with units s/m 3 . 

therefore, can be considered Lo have units of either rem/Ci or (rem-m 3 )/(Ci-s), where 

Since the value of i/Q is 
unity, these dose conversion factors are numerically equal to factors that have not 
been multiplied by a dispersion factor. 

the curie activity refers to the activity released to the atmosphere. 
values of dose conversion factors in terms of rem per curie inhaled by dividing the 
factors presented here by the breathing rate, 2.66 x 

The dose conversion factors presented here, 

One can obtain 

m3/s. 

Dose conversion factors for a maximum intake rate of 3.59 x lo-' m3/s can be 
derived from factors in Table F-1 or  F-2 by multiplying those factors by the ratio of 
the breathing rates. 1.35. 

TABLE F-1 
DOSE CONVERSION FACTORS FOR THE 70-YEAR DOSE FROH 

70 YEARS OF CHRJNIC INTAKE VIA INHALATION 
Particle Size = 0.3pm AHAD 

Breathing Rate = 2.66 x m3/s 
3 
) 

rem-m Dose I nversion Factor ( ci.s 

1.679 x lo2 
1.576 x lo2 
1.610 x lo2 
1.473 x lo2 
2.539 x 
4.051 x 10-1 
1.306 x l?3 
1.430 x lo3 
1.428 x lo3 
2.560 x 10' 
1.377 x lo3 
1.241 x lo3 
1.742 x lo3 

Class W 
Liver 

* 
* 
* 
* 
* 

4.389 1 0 ' ~  
7.791 x lo-]- 
1.775 x lo5 
1.898 x lo5 
1.895 x lo5 
3.671 x lo3 
1.827 x lo5 
1.986 x lo5 
2.718 x lo5 

Bone 
* 

3.755 1c3 
3.599 103 
3.599 lo3 
3.442 103 
7.741 x 
1.963 x 10' 
3.803 x lo5 

4.288 x 13' 
8.785 x lo3 

4.317 x IO5 
6.167 x lo5 

4.295 lo5 

3.979 lo5 

Class Y 
Lungs 

* 
1.736 x 10 5 

1.686 lo5 
1.723 x lo5 
1.576 x lo5 ' 

6.674 x 10" 
9.126 x 10' 

1.943 x lo5 
1.942 x lo5 
3.417 x IO2 
1.869 x IO5 
2.083 x lo5 
2.339 x lo5 

2.059 lo5 

n e  value for the dose conversion factor is taken to be equa! to that for the 
total body. 

+ * s 4 2 ~  is used for "miscellaneous alpha-emitting isotopes." 

I . 
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TABLE F-2 
DOSE CONVERSION FACTORS FOR THE 70-YEAF DOSE 

COWITMENT FROM ONE YEAR OF CHRONIC INTAKE VIA INItALATlON 

Particle Size = 0.3pm Al.vu) 
Breathing Rate = 2.66 x lo-' m3/s 

1 
Dose Conversion Factor (- 1 Ci-s 

Class W 
Liver -- Bone 

4.20 x 10 * * 
A 

1.692 x IOz 
1.588 x lo2 
1.623 x lo2 

2.539 x 
4.058 x 10'' 

2.724 x lo3 
2.717 x lo3 

1 3.34; x 10 
2.623 x IO3 
2.132 x lo3 
2.992 x lo3 

1.485 x I02 

2.298 103 

* 
* 
* 
* 

4.389 x 
7.804 x 10" 
2.777 x lo5 
3.165 105 
3.158 105 
4.578 x lo3 
3.048 x 13' 
3.269 x lo5 
4.473 lo5 

3.828 x lC3 
3.669 x lo3 
3.669 x lo3 
3.509 x IO-? 
7.762 x 

1.966 x lo1 
6.502 x IO5 
7.919 x IO5 
7.899 x IO5 

4 1.13.3 x 10 
7.338 x 10' 
7.842 x lo5 
1.120 x 106 

Class Y 
Lungs 

1.848 x lo5 
1.735 x 13' 
1.773 x lo5 
1.622 x lo5 
6.674 x lo-' 
9.137 x 10' 

1.999 x 16' 

3.506 x io2 

2.144 x lC5 
2.407 x lC5 

2218 :: 105 

1.999 105 

1.921; 105 

*The valup- for the dose conversion factor is taken to be equal to that for the 
total body. 

**24nCm is used for "miscelIaneous alpha-emitting isotopes." 

F.1.1.2 Sample Calculation 

Calcalate the 70-year bone dose to a person living to the ESE of the Rocky Flats 
Plant at a distance of 2 miles for routine releases via inhalation (average intake) 

Step 1: Obtain the radionuclides and the total activity released per year from 
Table 3.1.2-1. These activities are in microcaies. Convert to 
curies by dividing by 10 6 . 
by multiplying by 70 years. 
Include the resuspension over 70-years by multiplying each of the 
values from Step 1 by 1.86. 
4.7 x 
Step 1. 

Convert to curies released over 70 ycars 

Step 2: 
For mericium-241. add in the product of 

tires the value for plutonium-241 obtained at the end o f  

F-9 



Step 3: €rom Table F-1 obtain the dose conversion factor for bone for each of 
the radionuclides. Multiply each of the values from Step 2 by the 
corresponding dose conversion factor. 

Step 4: S m  all values obtained from Step 3. 
Step 5: From Table B-2-5, obtain the value of the dispersion factor x/Q for a 

distance of 2 miles in the ESE direction. This value is 5.04 x 
s/m . Multiply this value by the sum obtained in Step 4 .  This result, 
0.18 rem, is the 70-year bone aose from 70 years of releases from 
routine Plant operation via inhalation for a person living continuously 
for 70 years at 2 miles ESE of the Plant. 

3 

This calculation is summarized in Table F-3 .  

Radio- 
nuclide 
3H 
2 3 4 ~  

23lu 

2 3 6 ~  

2 3 8 ~  

23ll-h 

238Pu 
2a9PU 
24OPu 
241Pu 

2 3 4 n  

2 4 2 ~  

2 4 1 ~  

Hisc. 

TABLE F-3  
TABULATION FOR THE SAMPLE INHALATION DOSE CALCULATION 

Total Airborne 
Release Rate 

(pCi/yr } 
E 5 x 10 

106 
4 
0 .4  

89 
4 

89 
105 

3583 
812 

22883 

930 
7.3 x 10-2 

1 

70-Year Release 

f C i  1 
3.5 x 102 
7.4 10-3 
2.8 
2.8 
6.2 
2.8 
6.2 10-3 
7.4 

5.7 x 10-2 

5.1 x 10-6 

7.0 

2.5 x 10" 

1.6 

6 5 x loe2  

Dose Conversion 
70-Year Release Factor 
Plus Resuspension rem.m3 

(Ci 1 (n) 
6.5 ,v I O 2  4.20 x 10-2 
1.4 3.755 lo3 
5 .2  3.599 103 
5.2 3.599 l o 3  
1.2 x 3.442 x l o 3  
5.2 x 7.741 x 
1.2 x 10'' 1.963 x lo1 
1 . t  x 3.803 x lo5  
4.7 x 10-1 4.295 x lo5 
1.1 x 10-1 4.288 x l o 5  
3.0 8.785 x l o 3  

1.2 x 10-1 4.317 x IO5 
9.5 3.979 lo5  

1.3 6.167 lo5 

Dose for Unit 

2 . 7  x 10' 
5.3 x 10' 

1 .9  x 10-l 
1.9 

4.2 x 10' 

2 . 4  x 10-1 
4 . 0  

5 .5  i o 3  
2.0 l o 5  
4 . 8  l o 4  

5.2 lo4 

3.3 x l o 5  

2 .6  x lo4  
3 .8  

8.0 x IO1 

5 70-year Bone k s e  (rem) = 3.3 x 10 rem-m3 x 5.04 x s/m3 = 1.7 x lO-lrem 
S 
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F.1.2 Food Ingestion Pathvay 

\ 

This section describes the methods for calculating doses to off-site persons 
from ingesting food containing radionuclides released from routine Plant operati?3s. 
The methods involve defining the amount of the person‘s diet contaminated by these 
releases, where the food is produced and consumed, the modeling of uptake by plants 
or animals, and the modeling of the internal deposition in the person. The modeling 
has been developed at Battelle-Pacific Northwest Laboratories (Baker, et al., 1976; 
Baker, 1977; Brenchley, et al., 1977) and is incorporated in the FOOD computer code, 
which generates the dose conversion factors. This discussion, therefore, includes a 
discussion of this code, the inputs to the code, and the values of the dose conversion 
factors generated from these inputs. 

F.1.2.1 Dose from Food Ingestion 

The dose to the organs of a person from a given radionuclide ingested from food 
is given by the equation 

Organ Dose (rem) = S lX) F (12) Q f  

where S = source term for the radioisotope (curies released) 
3 

F,  = dose conversion factor for foDd ingestion ,-, remmm3 
x/Q = dispersion factor (s/m ) 

L 

The total organ dose is the sum for 

Source Term 

, The source term for food contaminat 
/ for the initial airborne release. These 

Dispersion F_agx 

- ‘ Ci-s ) 
all radionuclides of interest. 

on has only one component, the source term 
source terms are obtained from Table 3.1.2-1.  

The appropriate dispersion factor is the x/Q to the location of food production. 
For this Impact Statement, the location of food production is considered to coincide 
with the location of food consumption for locally produced food. This assumption is 
reasonable and conservative, since most of the major food producing locations in the 
50-mile vicinity of the Plant are more remote from the Plant than the major population 
areas and since a portion of a person’s food may be produced at his home. 
of the dispersion factors are obtained from Table 8-2-5.  

The values 

\ 
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Dose Conversion Factors 

Values of the dose conversion factor Ff are generated by the FOOD computer code, 
and by a modification of FOOD called PABLM. These codes are based on a model derived 
by Soldat (Fletcher and Dotson, 1971) which estimates the transfer o f  radionuclides 
to food products (except for tritium) from irrigation water or from air deposition to 
plants through both leaves and roots. The published version of the FOOD code is 
designed to calcul.ite the annual internal dose to man from uptake of various foods. 
such as produce, eggs, milk, and meats. A total of 14 food categories (combined into 
seven categories for the PABW version) can be selected for which values are specified 
for the consumption rate, growth period, crop yield, hold-bp time (the time between 
harvest and consumption), and dispersion factor. 

The PABLM version of the FOOD code uses identical modeling but executes the 
calculation of the cumulative radiation dose to persons from continuous ingestion of 
food containing radionuclides over a period of many years, using an iterative process. 
For each year through the end of the dose period, the dose and the dose commitment to 
the end of the period resulting from the radionuclide intake during the year are 
computed. These doses and commitments are added together to compute the cumulative 
dose. The FOOD model conservatively assumes that the only mechanism for removal of 
the radimuclides from the soil is by radioactive decay. No soil/air resuspension 
model is presently available to assess this uptake route. For tritium the model 
assumes that the plants are at 10% of equilibrium with the residual amounts of radio- 
nuclides in the soil. 

The data libraries associated with the FOOD and PABLV codes contain data pertain- 
ing to upttike by plants and animals and organ dose modeling for 220 radionuclides, 
the total body, and 22 internal organs. Values of parameters used to calculate doses 
to the organs are taken from ICRP reconmendations found in IGRP Publications t 2 ,  #6, 
and #19. Alterations to this data library are the same as those to the data library 
of the DACRIN code. In addition, the values for the transfer from the G . I .  tract to 
the blood for plutonium and americium are those used by the EPA (EPA, 1977) for 
oxide. These values are 1 x for 239Pu and 240Pu and 1 x for 2 3 8 F ~ .  241Pu, 
and 24'Am. The value for 242Pu is taken to be the same as for 239Pu, 1 x 

Inputs to the FOOD and PABLM codes are given in Table F-4 for both the average 
and the maximum intake rates of food. The input data are either specific for the 
vicinity of  the Plant, based on an analysis o f  food production in the area, or are 
obtained from recommendations by the Nuclear Regulatory Commission (USNRC, 1977). 

9-1 7 
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TABLE F-4 
INPUT VALUES FOR THE FOOD AND PABLH CODES 

Consumption* 
Food (kg/yr) 

Leafy Vegetables 30 0 

Ground Veg. 30 10 
Root Vegetables 182 19 
Fruit 335 0 
Grain 88 76 
Eggs 30 0.30 
Milk 274t lot 
Heat 98 22 

Category Maximum Average 

Other Above 

Crowing 
Period** 
(days 

90 

60 
90 
90 
90 
90 
30 
30 

Yield** 
( kg/m2 

1.5 

0.7 
4.0 
2.0 
1 .o 
0.84 
1.3 
0.84 

Holdup* 
(days) 

Maximum(1) Average 
1 14 

1 14 
10 14 
10 14 
10 14 
1 18 
1 4 

15 34 

*Locally-produced food only. 
**In the case of animal products, the values pertain to the forage or feed grain. 
t-Units are i!/yr. 
i1)Haximum refers to values that yield a maximum intake of radionuclides. 

, 

Dose conversion factors Ff for food ingestion for the 70-year dose from 70 years 
of chronic releases and food consumption are given in Tables F-5 and F-6 for average 
and maximum intakes, respectively. These values are calculated for unit x/Q and for 
a release of 1 Ci (over 70 years) for each radionuclide. The units are either 
(rem-m )/(Ci.s) or  rerr/Ci for unit u/Q, as for the dose conversion factors for 
inhalation. 
priate. 
and *IIAm, respectively, as for the inhalation pathway. 

3 

For calculations using equation 12. the unit (rem-m3)/(Ci.s) ic appro- 
Dose conversion factors for 236U and 242Cm are obtained by analogy to 234U 

F.1.2.2 Sample Calculation 

-- 
Calculate the 70-year bone dose to the person living to the ESE at a d 

miles for routine releases via food ingestion (average intake). 
I 

Step 1: Obtain the dionuclides and the total activity released per 

stance of 

year from 
Table 3.1.2-1. These activities are in microcuries. Convert to 
curies by dividing by 10 . Convert to curies released over 76 years 
by multiplying by 70 years. 

the radionuclides. 
corresponding dose conversion factor. 

6 

Step 2: From Table F-5 obtain the dose conversion factor for bone for each of  
Multiply each of the values from Step 1 by the 

Step 3: Sum all values obtained from Step 2. 
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Step 4: From Table 8-2-5 obtain &he value of the dispersion factor x/Q for a 
distance of 2 miles in the ESE direction. This value is 5.04 x 
s/m . Multiply this value by the sum obtained in Step 3. This result, 
1.4 x rem, is the 70-year bone dose (rem) from 70 years o f  release 
from routine Plant operation via food ingestion. 

3 

This calculation is summarized in Table F-7. 

/ 

TABLE F-5 
DOSE CONVERSION FACTORS FOR THE 70-YEAR DOSE FROM 73 YEAFtS OF CHRONIC 

INTAKE VIA FOOD INGESTION - AVERAGE INTAKE 
3 
) Dose Conversion Factor (x rem-m 

-. . 

- .. -.- 

Total Bod Liver 

9.3 * 
8.9 * 
9.0 * 
6.4 * 

& 5.4 x 10'2 

2.1 x 10-11 
1.3 2.6 

3.7 x 10-11 

5.7  7.6 x 10' 
6.1 x 10" 8.1 x 10' 
6.1 x 10" 8.1 x 10' 
1.1 x 10" 7.6 
6.1 x 10" 8.1 K lo1 
5.4 8.6 x lo2 
7.6 1.2  103 

Bone 
* 

2.0 x 102 
2.0 x 102 
2.0 x 102 

6.4  IO-^ 
1.7 103 
1.9 x 102 
1.9 x 102 
4.3 x 101 

1.9 l o3  
2.7 103 

1.3 x 10' 
6.4 x 

2 1.7 x IO 

e k  
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

%The value for the dose conversion factor is taken to be equal to that for the 
total body. 

\. **'242Cm is used €or "miscellaneous alphs-emitting isotopes." 

d 
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TABLE F-6 
DOSE CONVERSION FACTORS FOR THE 70-YEAR DOSE FROM 70  YEARS OF CHRONIC 

INTAKE V I A  FOOD INGESTION - W I H U H  INTAKE 
3 

Dose Conversion Factor (- ) Ci-s 

\ Radionuclide 
3H 

2 3 4 ~  

A' 23Su 

2 3 6 ~  

2 3 8 ~  

Total Body 
1.1 
5.7 x lG1 
5.5 x 10' 
5.5 x 101 
3.9 x 101 
2.5 10-7 
9.6  IO-^ 
3.2 x 10' 
3.6 
3.6 
6.6 x 10" 
3.4 
3.1 x 10' 
4.3 x 101 

Liver 
1.1 

f 

* 
* 
* 

4 . 3  10" 
1.8 
4.4 103 
4.7 x 102 
4.7 x 102 
4.3 x lo1 
4.5 x 102 
4.9 lo3 
6.7 lo3 

Bone 
* 

1.3 l o3  
1.2  lo3 
1.2 lo3 
9.1 x 102 

9.4 103 
1.1 103 

2.5 x 102 
9.9 x 102 
1 . 1  lo4 
1.5 l o 4  

7.6 x 
4.6 x 10" 

3 1.1 x 10 

Lungs- 
1 . 1  

* 

* 
* 
* 
f 

4 

* 
f 

*The value for tZ-dose conversion factor is taken to be equal to that for the 
total body. 

**242Cm is used for "miscellaneous alpha-emitting isotopes." 

TABLE F-7 
TABULATION FOR THE SAMPLE FOOD WSE CALCULATION 

Radionuclide 
3H 

23411 

23su 
236u 

2 3 8 ~  

231Th 
234Th 
238Pu 
239Pu 
240Pu 
2'lPu 
242PU 
24 1~ 

Uisc. 

Total Airborne 
Release * 

106 
4 
0.4 

89 
4 

89 
105 

3583 
81 2 

22883 

930 
1 

7.3 x 10-2 

70-Year 
Release 
(Ci) 

3.5 x 102 
7.4 x 
2.8 
2.8 1 0 ' ~  
6.2 10-3 
2.8 
6.2 10-3 
7.4 x 10-3 

5.7 x 10-2 

5.1 x 10-6 

7 .0  

2.5 x 10" 

1.6 

6.5 x 

Dose Conversion 
Factor 
remema 1 (--a7 

5.4 x 10-2 
2.0 x 102 
2.0 x 102 
2.0 x 102 

6.4 10-3 
1 . 7  lo3 
1.9 x 102 
1.9 x 102 
4 . 3  x 101 

1.9 103 
2.7 103 

1.3 x 10' 
6.4 x 10-l' 

1.7 x lo2 

Dose for Unit 
Dispe rs ion 

rem*m3 
) (-x---- 

1.9 x 101 

5.6 

1.8 1 0 - ~ 3  
4.0 

1.1 x 101 

8.7 
1.2 x 102 
1.9 x 10-1 

1.5 
5.6 x 

8.1 x 

1.6 x 10' 
4.8 x 10' 

6.9 x 10' 

2.85 x lo2 
3 70-Year Bone Dose (rem) = 2.85 x 10 2 (r rem-m ) x 5.04 x loe7 s/m3 = 1.4 x lo-" rem 



F.1.3 Water Ingestion Pathway 

Tfiis section describes the methods for calculating doses to off-site persons 
from ingesting water containing radionuclides from both waterborne and airborne 
releases from routine Plant operations. For waterborne releases, concentrations of 
radionuclides in off-site water supplies are determined by measurements of radio- 
nuclides in tap water from these water supplies. For airborne releases, concentrations 
of radionuclides in off-site water supplies are determined by calculating airborne 
dispersion to, and deposition into, the lake or reservoir. The method for calculating 
the dose conversion factors is developed in this section. 

F.1 .3 .1  Dose from Ingestion of Water Containing Radionuclides from Waterborne 
Re 1 e as e s 

The organ dose to a person ingesting water containing a given radionuclide is 
given by the equation, 

Organ Dose (rem) = Cw 1, Fw (13) 

where C, = concentration of the radionuclide in the water (pCi/t) 
1, = water intake rate (P/d) 
F, = dose conversion factor for water ingestion [(rem-d)/pCiJ 

= conversion factor from pci to pci (10'~ pci/pci) 

The values C, for the concentration of the radionuclide in the water are obtained 
from Table 3.1.2-2. 
(ICRP, 1975). The values used in this Impact Statement are 1.65 P/day for average 
uptake and 2.28 P/day for maximum uptake rates for adult man. 

The water intake rate I, i s  derived from data for reference man 

Dose Conversion Factors 

The dose conversion factor Fw for a given organ and radionuclide is calculated 
from the equation 

I c f i  f, 
r e m  [t + 1, (e-aet-l ) ]  

f~ (m/day Ae 

where t = effective energy (HeV) deposited in the organ per disintegration 
(t = I EF(RBE)n in ICRP #2) 

m = mass of the organ of interest (g) 
fl = transfer fraction From the G.I .  tract to the blood 
fi = transfer fraction from blood to the organ of interest 

A, = effective removal constant from the organ (d") = hb + A 

A = In Z/(physicai half-life in days). 

% t time (days) over which the ingestion occurs 

where Ab = In Z/(biologicaJ half-time in days) 

i i: 
? 
f 
I i 
I 

I 
t F-16 

3 



Values for these parameters are obtained from ICRP 112 and 1\19 unless noted 
otherwise. 

Values for the transfer from the C.l. tract to the blood fl  for plutonium and 
americium are those used by the EPA (USEPA, 1977)  for oxide, as was done for food 
ingestion. 
equation 14 are given in Table F-8. 

The values of the dose conversion factors Fw and the parameters used in 

The derivation of equation 14 for the dose conversion factor is as follows. 
a chronic intake the rate of change in the activity of the radionuclide in the organ 
of interest results from the input rate into the organ (f,fjSw) minus the removal 
rhte (hex). 

For 

The differential equation is 

where X = activity (pCi) of the radionuclide in the organ of interest at time t 
Sw = intake rate (pCi/day) of the radiontclide into the (2.1. 
fls fi. he = as defined for equation 14. 

tract 

--v 

organ yields the activity X(t) in thc organ as a function of time 
Solving this differential equation for X and assuming no initial activity in the 

The integrated activity in the organ Q(t) (pCi-days) is obtained by integrating 
X(t) over time t 

Integration yields 

(181 

The dose to the organIis the product of the integrated activity Q(t) and the 
effective energy deposited per disintegration of the radionuclide t ,  ditided by the 

ergsflev, 
mass of the organ m, with the proper conversion factors: 3.7 x 10 4 disintegrations/ 
(pCi*s), 8.64 x 10 4 s/d, 1.60 x (rem-g)/erg. The dose to the organ 
is then given by 

Organ Dose (rem) = 51.15 i - f l f i S W  [t t - 1 (e-’et-l)l. 
’e ’e 
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TABLE F-8 
DOSE CONVERSION~FACTORS FOR THE 70-YEAR W S E  FROB A CHRONIC INGESTION 

OF WATER FOR 70  YEARS OF RELEASFS FROH ROUTINE PLANT OPERATION 

Dose Conversion 
Values of Parameters Factor 

Radionuclide 
3H 

2 3 4 ~  

2 3 5 u  

rslTh 

Organ fl fl Ae(d '1 
Total 
Body 
& A i l  
Organs 1 . 0  1 . 0  5.78 x lo'* 

Total 
B O ~ Y  I x 10'~ 1.0 6.93 x 10-3 
Liver 
Bone 1 x 0.33  2 . 3 i  x 
Lungs 

Total 
Body 1 x 1.0 6.93 x 
Liver 
Bone 1 x 0 .33  2.33 x 
Lungs 

Total 
Body 1 x 1.0 6.93 x 
Liver 
Bone 1 x 0 .33  2.31 x 
Lungs 

Total 
Body 1 x 1.0 6.93 x 
Liver 
Bone 1 x low4 0 .33  2 .31  -: 
Lungs 

Total 
Body 1 x loe4 1 . 0  0.648 
Liver 1 x 0.05 0.648 
Bone 1 x l c 4  0 . 7  0.648 
Lungs 

0.0058(') 70000 1 .87  

49 

240 

46 

230 

47 

230 

43 

220 

0.18 
0.16 
0.56 

70000 5.14 x 

5000 0.104 
* 

* 

70000 4.82 x 

5000 0.100 
* 

* 

70000 4.93 x 

5000 0.100 
* 
* 

70000 4.51 x los4 
* 

5000 0.0958 
* 

70000 2 .03  x 
1800 3.51 x 
5000 6.19 x 

* 

*The value for the dose conversion factor is taken to be equal to that for 

(1)The value for the effective energy per disintegration for 3H is an updated 
. I  the total body. 

value derived at Battelle-Pacific Northwest Laboratories (Kennedy, 1978). 

F-1% 



TABLE F-8 (Continued) 
Dose Conversion 

Values of Parameters Factor 

Radionuclide Organ fl fi Ae(d '1 &(MeV) m(g) 
2r4Th Total 

B ~ Y  1 x 1 0 ' ~  1.0 2.88 x lo'* 0.91 70000 2.31 x 
Liver 1 x lou4 0.05 2 . 8 8  x 0.90 1800 4 . 4 3  x" 

Lungs * 
Bone 1 x 0 .7  2.88 x 4 . 5  5000 1.12 1 0 ' ~  

238Pu Total 
Body 1 x 0 . 1 0  3 . 2 3  x 10'' 57 :OOOO 1-05  103 

Bone 1 x 0 . 4 5  4 . 0 6  x 2 80 5000 3.07 lo5 
Liver 1 x 0 . 4 5  6.91 x 57 1800 1 . 4 3  x IO5 

Lungs * 

239Pu Total 
Body 1 x 0.10 1.07  x 53 70000 1 . 1 6  x lo2 
Liver 1 x 0 . 4 5  4 . 7 5  x 53 1800 1 .54  x lo4  

Lungs * 
Bone 1 x 0 . 4 5  1 .91  x 270 5000 3 .48  l o 4  

2 4 0pc Total 
Body 1 x 0.10 1.10 x lo-' 53 70000 1 . 1 6  x lo2 
Liver 1 x 0 . 4 5  4 . 7 7  x 53 1800 1.53 x l o 4  
Bone 1 x 0 . 4 5  1 . 9 3  x 10'' 170 5000 3.47 x lo4  
Lungs * 

24lPu Total 
Body 1 x 0.10 1 . 4 3  x 2 . 3  70000 2 . 2 0  x 10' 
Liver 1 x 0 . 4 5  1.80 x 1.0 1800 1 .43  x l o3  
Bone 1 x 0 .45  1.51 x 14 5000 8.15 x lo3 
Lungs * 

I 

24ZPu Total 
Body 1 x 0.10 1.07 x 10'' 51 7G000 1.11 x lo2 
Liver 1 x los4  0 . 4 5  4 . 7 4  x 51 1800 1 . 4 8  x lo4 
Bone 1 x 0 . 4 5  1.90 x l o e 5  250 5000 3.22 x lo4  
Lungs * 

*The value for the dcse conversion factor is taken to be equal to that for 
the total body. 

? 

I 
I 
I 



Radionuclide 

TABLE F-8 (Continued) 
Dose Conversion 

r 4 l b  Total 
Body 1 x 0.10 1.50 x 
Liver 1 x 0.45 5.18 x :9-5 
Bone 1 x 0.45 2.33 x loe5 
Lungs 

Values of Parameters Factor - 
(rs) 

Organ fl fi Ae(d '1 r(MeV) m(g) 

57 70000 1.20 x lo3 
57 1800 1.60 x lo5 

5006 3.49 lo5 280 

t4tQ** Total 
Body 1 x 0.10(2) 4.29 x 
Liver 1 x 10'3(2) 0.4562) 4.28 x 
Bone 1 x 10'3(2) 0.45(2) 4.49 X 

ao 
78 
400 

-value for the dose conlrersion factor is taken to -e equa 

**242Cm is used for "miscellaneous alpha-emitting isotopes." 
the total body. 

(2)These values for 242Cm are set equal to those for 2 4 l h .  

Dividing by the intake rate Sw yields the equation for the 
factor Fw (rem per pCi/day ingested), which is equation 14. 

70000 3.45 x 10' 
1800 5.90 x lo3 
5000 1.04 x lo4 

to that for 

dose conversion 

Note that equations 17 and 14 are valid for any type of ingestion (food or 
water) once the radionuclide reaches the G.I. tract. 

Sample Calculation 
, 

Calculate the 70-year bone dose to a person drinking water (average ingeaLion 
rate) from Great Western Reservoir for 70-years for routine Plant operations. 

NOTE : Separate values of the activity per liter are not given for the pluto- 
nium (alpha) and uranium isotopes. However, since the dose conversion 
factors for the isotopes of these nuclides (except for 241Pu) are 
essentially the same, the dose conversion factors for 239Pu and 238U 
are used in the plutonium and uranium values, respectively. 

Obtain the radionuclides and the activ.ty per liter for Great Westc-n 
Reservoir from Table 3.1.2-2. In addition, the activity for 24*Pu is 
calculated from the activity for Pu(a1pha). 
5.1 times the activity for the Pu(a1pha) (see Table 2.7.2-2). 
these values by 10" to convert to pci/a. 

i 

Step 1: 

This value is equal to 
Multiply 

t-20 
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Step 2: Multiply by the water intake rate (1.65 n/d) to obtain the activity 
intake rate (VCi/d) for each radionuclide. 

Step 3: Hultiply by the dose conversion factor F, from Table F-8. 
is the contribution to the organ dose for each radionuclide. Sum 
these values to obtain the total organ dose, 7.08 x loe2 rem. 

The result 

A tabulation of this calculation is given in Table F-9. 

TABLE F-9 
TABULATION OF THE SAMPLE CALCULATION OF THE EONE DOSE FOR WATER 

INGESTION FOR WATERBORNE RELEASES \ 

Dose Conversion 
Concentration Intake Rate Factor 

Radionuclide (pCi/t) (pCi/f) , (pCi/d)-, (rem.d/pCi) 
Pu (alpha) 0.1 1.0 x ?O -  1.65 x 10 3.48 lo4 

0.1 1.0 1.65 3.49 105 

Z41Pu 0.51 5.1 8.42 IO-? 8.15 103 

24 I&, 

U 2.0 2.0 x 3.30 Y 0.0958 
3H 200 2.0 3.30 1.87 

70-Year 
Bone Dose 
(rem) 

5.74 x 10-3 

3.16 
6.17 

5.76 x 10'' 

6.86 x 
7.08 x 

F.1.3.2 Dose from ingestion of Water Containing Radionuclides from Airborn? 
Re leases 

The organ dose to a person ingesting water containing a given radionuclide is 

It may be 
given by equation 13, f o r  waterborne releases. The values for the concentration of 
the radionuclide in the water Cw may be obtained in two different ways. 
measured and corrected for other sources, o r  it can be estimated from airborne disper- 
sion modeling. 
from airborne dispersion modeling to the water storage reservoir. 
calculhte this value C, is 

In this section, the value for Cw for airborne releases is calculated 
The equation to 

where Sa = activity of the radionuclide released (pCi) from the Plant via 
airborne during the Deriod of one complete turnover of the water 
in the reservoir 

x/Q = dispersion factor (5) to that reservoir 
m 

A = surface area of the reservoir (m 2 ) 

Va = deposition \*elocity (z) of the radionuclide f r o m  the air 

V = volume of the water supply ( a )  
lo6 = conversion factor from pci to pci (10 6 pci/pci). 



For this analysis, the assumption is made that water in each resewoir is com- 
pletely cycled once each year. 
Table 3.1.2-1. If the turnover rate is more frequent than once a year, the doses 
calculated for this pathway would be conservatively high. 

Therefore. values of Sa are obtained dsrectly frw 

The converse is also iruc. 

The value of the dispersion factor x/Q is cslculated specifically for the dater 
supply of interest. 
water supplies for which deposition of radionuclides from airborne releases would be 
most significant. 
Concentrations of radionuclides from airborne releases to other supplies are considered 
to be less than for these two supplies. 
Calculated according to methods discussed in Appendix 8 - 2 ,  for an effective stack 
height of 120 m and for a diFtance of f . .O  km to the €NE, is 2 . 9 5  x s/m . The 
value of x/Q to Standley Lake, for an effective stack height of 150 m and for a 

3 distance of 7 . 2  km to the SE. is 1.31 x s/m . These values apply to chronic 
releases and are averaged over the wind direction and ?asquill stability class i n  the 
same manner as for the values presented in Tahle 8-2-5. 

For this impact statement. calculations are done for the two 

These supplies are Greatewestern Reservoir and Standley Lake. 

The value of x/Q to Great Western Reservoir, 

3 

5 2  The surface area of Great Western Reservoir is 6.08 x 10 m with a volume of 
The surface area of Standley Lake is 4.71 x lo6 m2 with a volume of 3.79 x lo9 P. 

5.23 x 

The deposition velocity Vd is taken to be 0.001 m/r for all radionuclides except 
tritium and the halogens (Baker. 1977). A value of 0.01 m/s is used for tritium, 
even though a value of zero is used by Baker, to match the value of 0.01 m/s for the 
halogens and to be conservative. 

Using these values, the concentration of the radionuclides in the water of Sreat 
Western Reservoir and Standley Lake can be calculated using equation 29, and the 
organ doses can be calculated using equation 13. 
for the bone are presented in Table F-1Q. 

The results of these calculations 

' For water su9plies other than Great Western Reservoir and Standley Lake, the 
concentrations of radionuclides in the water from airborne releases arc taken to be 
equal to those for Standley Lake, although the radionuclide concentrations are expected 
to be somewhat less than those for Standley Lake. Note, however, that in comparison 
w i t h  the total 6ose presented in Table 3.1.2-3, the dose contribution from this 
pathway is negligible. 

- .  

F-22 
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TABLE F.-lO 
CONCENTRATIONS OF RADICNUCL!DES iN GEAT WESTERN RESERVOIR AND STANDLEY 
LAKE FROM ROUTINE PLANT AIRBORNE RELEASES Mi> THE RESULTING 7O-YEAR BONE 

DOSE TO PERSONS (AVERAGE INrAKE RAPES) DRINKING THIS WATER FOR 7 0  YEARS 

Water Concentration (pCi/P) 70-Year Bone Dose (rem) 
RediLrucl ide Great Western I- S t andley Great Western T 2.4 x 10" 5.9 x 10-7 7.4 

234u 5.0 1.3 I C - ~  8.6 x 2.2 10-l~ 

23su 4 . 2  10-7 1.1 10'~ 6.6 x 1.7 10-l~ 

234Th . i .2 10-7 1.1 7.8 10-~7 2.0 10-l' 

239Pu 1.7 x lo'? 4.2 x 9.8 I G - ~  2.6 1 v 7  
3.8 x 9.6 10-7 2.2 5.5 x 10-8 

2'2PU 3.5 x 10-10 8.6 x lo-'' 1.9 x 1c-11 

Hisc. 4 . 7  1.2 10-9 8.1 x -- 2.1 x 10-1l 
6.2 x 1.5 x 1 0 7  

2 3 5 ~  1.9 x lG-' 4.7 10-9 3.1  10-l~ 7.8 x 
1.9 10'~ 4.7 x 10'10 3.1 x 10'l6 7.8 2 3 6 ~  

23 Th 1.9 x 4.7 x 10-9 1.9 x 10-20 4.8 x 

238Pu 5.0 10-7 1.2 10-7 2.5 6.0 x 10'' 

E'OPU 

24'Pu 1.1 2 . 7  1.5 x 3.6 x 10'' 
4.6 r 

4.4 x 10-6 1.1 x 10-6 2.5 x 6.3 x 2 4 l h  

F.1.4 Ground Plane Irr.idiation 

This section describes the methods for calculating doses t o  off-site persons 
irradiated by radionuclides deposited on the ground. The chronic buildup of the 
surface concentration (Ci/m 2 ) over 70 years is decemincd €or each radionuclide. 
Dose conversion factors, with units of (rem-m 2 )/(Ci-s). are obtained froffi the ZXREH 

computer code, developed at Oak Ridge National Labordtory (Trubey, 1973). 

F.1.4.1 Dose from Ground Plane Irradiation 

The dase to the organs of a person for a given radionuclide from chronic zurface 
deposition over time t is given oy the equation 

Organ Oosa (rem) = 43.2 (8) SgF t2 

where S = radior-uclide (airborne) release rate (Ci/day) 
2 g F = dose conversion factor [(rem-m )/(Ci-sf] 

x/Q = dispersion factor (s/m 3 ) 

(21) 

t = dura:ion o f  the chronic deposition (days) 
(The duration t also is the period of dose accumulation) 

velocity and is set equsl to 0.001 m/s. 
constant are m/d. 

43.2 = product of ( 8 . 6 i  x 10 4 s/d)(l/2)(Vd) whet? Vd is the deposition 
The units of this 

F-23 
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This equation is derived in Section F.1.4.2. 

For the ingrowth of a daughter radionuclide from the physical decay of its 
parent, vhich is deposited chronically, the organ dose resulting from the daughter 
radionuclide is given by 

where (SA)d = specific activity (Ci/g) of the daughter radionuclide 
(SA)p = specific activity (Ci/g) of the parent radionuclide 
(SgIg = airborne release rate (Ci/d) of the parent 

8.64 x 10 = s/d 
Fd = dose conversion factor for the daughter radionuclide 
A = physical decay constant (del) for the parent radionuclide. 

P 

Other terms are defined as f o r  equation 21. 

For the ingrowth of 2 4 1 A m  from 241Pu, the only significant case for Plant 

d'l, and Vd = 0.001 m/s, equation 22 reduces to 
effluents, and for t = 25567.S d (70 years). (SA)d = 3.42 Ci/g, (SA) 
A = 1.322 x 

= 103.5 Ci/g, 
P 

P 

Organ Dore (rem) = 5,39 x lo8 (6) F~ ;.*lp. (23) 

Values of the airborne release rates are obtained from Table 3.1.2-1 by dividing 
the values in Ci/yr by 365.25 d/yr. Values of the dispersion factor (x/Q) for a 
chronic release are obtained from Table B-2-5. Values of the dose conversion factor 
f are presented in Table F-11. These values are generated from the Oak Ridge EXREH 
code. The values of F are for the total body. Values for all other organs are 
considered to be equal to those for the total body. 

F.1.4.2 Derivation of Equations 

~ 

I The derivation of equation 21 is as follovs. For a chronic release the rate of 
2 buildup of the surface concentration C: (Ci/m ) of the radionuclide on the ground 

(neglecting radiological decay) is described by the differential equation 

where all terms have been defined 
surface concentration at any time 

(24) 

Solving for G yields the value of the previously. 
L. 

F-24 
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TABLE F-11 

DOSE CONVERSION FACTORS FOR GROUND PLANE IRRADIATION 

Dose Conversion Factor 

Radionuc 1 i& 
3K 

2 3 4 ~  

23Su 

236u 

2 3 8 ~  

231Th 
234Th 
r3spu 
239Pu 
240Pu 
2"Pu 
242Pu 
24 l& 

242Cm* 

(r 

1 .5  
9.0 
1.0 
1.0 
4 . 1  
5 .3  
1.0 
4,'3 x 10-6 
9.0 x 10-6 

2.r.  x 

0 
8.6 x lo -  

9 . 2  x 

6 

w z C m  is used for th: "miscellaneous alpha-emitting isotopes." 

The dose H over time t from exposure to the ground concentrations as it builds up 

(26) 
is obtained cy solving the differential equation 4 % = 8 . 6 4 x  10 G F  

4 where the value 8.64 x 10 is the ccnversion factor sjd. Substituting equation 25 
for C and solving yields / 

H = 4.32 x lo4 (6) vd sg F t2. 

f o r  the radionuclides of interest vd = 0.001 m/s. Using this value in equation 
27 yields equation 21. 
included. Weathering into the soil would decrease the dose from ground plane irradia- 
tion because of the shielding of the soil over weathered radionuclides. Loss of  
radionuclides by physical decay would also lower the dose. 

Note that no weathering into the soil or physical decay is 
/- 

The derivation of equation 22 is as follows. The rate of daughter ingrowth froo 
the physical decay of the parent i s  given by 



'. - ---. 

2 
2 

\ where A = mass surface concentration (g/m ) of the daughter at time t (d) 
P = aass surface concentration ( g / m  ) of the parent at time t (d) 

= physical decay concentration (d-l) of the parent AP 

LOSS by physical decay of the daughter is not included, for simplicity and 
conservatism. 

The value for P needs to be derived before equation 28 can be solved. The rate 
change of P is equal to the deposition rate [ ( x / Q )  Vd Sp] minus the rate of loss by 
physical decay (ApP). This differential equation is 

, 
where S 

other terms are as defined previously. 
is the airborne release rate (g/d) in terms of mass of the parent and all 

P 
Solution of equation 29 yields the value of P - at time t 

Substitution for P in equation 28 and solving yields the value of the daughter 
mass surface concentration at time t r  

Converting to activity by multiplying by the specific activity (Ci/g) of 2 the 
daughter and parent yields A in terms o f  activity surface concentration (Ci/m 

-1 t - --I 
(SA)d 1 

P 
A(activity) = (6) Vd (Sg)p (t + i- e A 

P P 
(32) 

where (Sg)p is the activity release rate (Ci/d) of the parent and (SA)d and (SA)p are 
the specific activities (Ci/g) of the daughter and parent, respectively. 

5' The organ dose H over time t from exposure to A(sctivity) as it builds up is 
obtained by sclving the differential equation 

dH 4 = 8.64 x 10 Fd A(activity) I (33 )  

Solution of equation 33 for H yields equation 22. 

-_ 

For ingrowth of 2 r 1 A m  from Z4lPu, equation 23 is obtained by evaluating equation 4 
22 using the following values: 
d-' . 

t = 25567.5 d, Vd = 0.001 m/s, and h p  = 1.322 x 10- 
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F.1.4.3 Sample Calculation 

Calculate the 70-year organ dose (all organs) to a person living in the ESE at 
a distance of 2 miles for routine releases from ground plane irradiation. 

Step 1:  

Step 2: 

Step 3: 

Step 4: 
Step 5: 

Obtain from Table 3.1.2- 1 the radionuclides and the total airborne 
activity released per  year. Convert these activities t o  Ci/d by 
multiplying by Ci/pCi and then dividing by 365.25 d/yr. 
From Table F-11 obtain the vaiues of the dose conversion factor F for 
C3ch radionuclide. Multiply each value from Step 1 by the value of F 
for the corresponding radionuclide. Also multiply each value by 43.2 
(from equation 21) and by 6.54 x IO (this value is t 1. 
Multiply the value of *‘‘Pu from step 1 by the value of F for **lAm 

8 and by 5.39 x 10 (equation 23). 
Sum all values from steps 2 and 3. 
From Table B-2-5 obtain the values of the dispersion factor x/Q for a 
distance of 2 miles in the ESE direction. 
s/m . Multiply this value by the sum obtained in step 4. The result, 
1.46 x IOe5 rem, is the 70-year dose (rem) to any organ from 70 years 
o f  airborne releases from routine PIant operation from ground plane 
irradiation. 

8 2 

This value is 5.04 x lo” 
3 

This caiculation is summarized in Table F-12. 

F.1.5 Miscellaneous Calculations 

This section describes the methodology for various calculations pertaining to 
chronic relezses from routine Plant operation. These calculations are: (1) age- 

specific doses (Table 3.1.2-41, (2} comparison of the 70-year dose commitment from 1 
year of exposure to the 10-year dose from 70 years of exposure (Table 3.1.2-7). (3) 
population doses (Table 3.1.2-3). and ( 4 )  tho effect of a hypothetical high-density 
population to the east of the Plant (Table 3.1.2-9). 

F.1.5.1 Age-Specific Doses for Chronic Intakes 

The doses assessed in this Impact Statement are generally for organs of the 
reference adult male and are calculated f o r  his standard organ aasses and intake 
rates. This section describes the methodology to calculate organ doses to persons 
who begin the 70-year chronic exposure period as other than adult male. 
this section develops the methodology by which values in Table 3.1.2-4 are obtained. 
These values are the ratio of the organ dose for the person who begins the 70-year 
chronic exposure period younger than age 20 or as an adult female to the organ dose 
for the adult reference man. 
tion uptake pathways (ground plane irradiation will be dealt with only briefly, 
since the ratios are all unity). 

In particular, 

This ratio is determined for both inhelatfoa and inges- 
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TABLE F-12 

TABULATIOd FOR THE SAKPLE CALCULATION FOR GROUND PLANE IRRADIATION 

. .. 

Release Rate 
Radionuclide (Ci/d) -2 

3H 1.37 x 10 
2 3 4 ~  2.90 10-7 
2 3 s ~  1.10 x 10-8 
2 3 6 ~  1.10 
2 3 8 U  2.44 
23lm 1.10 x 10-8 
234Th 2.44 
238Pu 2.87 

24QPU 2.22 x 10-6 
24lPu 6.27 
242PU 2.00 x 10-10 

239PU 9.80 x 

2.55 x 
Hisc. 2.74 x 

Total 

24 l ~ p l  

f 4 1 ~ ( ~ n g r ~ ~ )  0 

Dose Conversion Dose Per 
Factor F 

0 
1.5 
9.0 
1.0 
1.0 
4.1 
5.3 
1.0 
4.3 x 
9.0 x 

8.6 x 

9.2 x 

0 

2.4 

2 . 4  

Unit x/Q 
rem-m 3 
(7) 

0 
1.23 x 10-1 
2.80 x 10-1 
3.11 x 
6.89 x 10" 
1.27 x 10-1 
3.65 x 10-1 
8.10 x 
1.19 
5.64 x 10-1 

0 
4.86 x 
1.73 x 10' 
7.12 x lo-' 
8.11 
2.89 x --I- 10 

) x 5.04 x lo-' ($) = 1.46 x 10'' rem 1 rem-m3 
(? Organ Dose (rem) = 2.89 x 10 

General Approach 

For persons who begin a chronic exposure at ages younger than 20, the intake 
fate, the gastrointestinal uptake rate, and the organ mass change with time. After 
age 20 these parameters are considered to remain at the reference values given in 
ICRF #23 for the adult male and female. Mathematical equations describing the in- 
crease in the intake rates and organ masses from birth to age 20 are ncit available. 
Even if such equations were available, integration of those equations into a mathe- 
matical model to obtain organ doses for inhalation and ingestion would be prohibi- 
tively complex. Therefore, the following approach is used. The 70-year chronic 
intake is considered to consist of 70 separate acute intakes, one at the start of 
each pear. 
the 70th year after the first intake. For example, the dose from the first acute 
intake is assessed for each of the subsequent 70 years. 
the dose for each of 69 years is calculated, and so on until doses for 70 acute 
intakes have been calculated. 
rate corresponding to the age and gender of the person. 
lated for an organ mass corresponding to the age and gender of the person at that 
time. 

The dose to the organ is calculated for each successive year up through 

For the second acute intake, 

Each acute intake occurs in proportion to the intake 
Each yearly dose is calcu- 

Increased gastrointestinal uptake is included for the newborn. This approach 
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is also used to calculate the values for the adult male and female. Even though 

the numerator and the denominator o f  the age-specific dose ratio. 
\ exact equations are available for  this case, the same methodology is used for both 
\ 

Data for Age-Specific Intake Rate and Organ Mass 

,/ The data for values of the intake rate and organ mass from birth to age 20 and 
for adults are derived from tables and graphs presented in ICRP %23, "Report of the 
Task Group on Reference Man." (ICRP, 1975). 

The values of the age-specific breathing rate, presented in Table F-13, are 
obtained by graphing the values presented on page 346 of ICRP #23 (converted to units 

3 Of m /SI and obtaining values from a smooth curve through the graphed points. 

The values of the age-specific ingestion rate, also presented in Table F-13, 
are obtained by summing values discerned from Figures 68,  6 9 ,  and 70 of ICRP 4/23. 

TABLE F-13  
AGE-SPECIFIC INTAKE RATES 

Age 
(Years) 
Birth 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

Adult 

Ingestion Rate 
( g/d 1 

Fema 1 e 

75 7 5  
187 187 
237 237 
272 272 
300 300 
328 328 
353 353 
376 376 
401 400 
416 410 
447 435 
467 450 
492 468 
512 480 
532 491 
546 497 
550 497 
553 496 
554 494 
553 490 
605 421 

-- Male 

Breathing Rate 
(m3/s )  

Hale Fema 1 e 
9 x 9 x 
4.4 4.4 
7.2 7.2 
9.2 9.2 
1.08 1.08 
1.20 1.20 
1.32 1.32 
1.42 1.42 
1.53 1.53 
1.63 1.63 :. 

1.74 1.74 
1.82 P .82 
1.91 1.91 

1.99 2.01 
2.10 2.07 
2.19 2.14 
2.29 2.21 
2.38 x. 2.28 
2.47 2.32 10-4 
2.56 2.38 10-4 
2.66 2.43 



, 

8, -at, -Xt2  

i $ T p ( e  - e  Lung Dose per Year o 

Although these values are specifically for food intake, it is considered that the 
.relative values of  the age-specific food ingestion rate should well approximate the 
relative values of the water ingestion rate for the same age and gender. 

A 100 fold relat ve increase in plutonium and americium gastrointestinal uptake 
fl in the newborn is taken from an EPA Guidance (USEPA, 1977). 

The age-specific organ masses, presented in Table F-14, are obtained as follows. 
The values for the total body are discerned trom Figure 5 in ICRP #23. 
for the liver are taken from Table 60 of ICRP ft23. 
discerned from Figure 41 of ICRP H23. The values for the lungs are taken from Table 
65 of  ICRP %23. 
mineral bone (5000 g) used in other bone dose calculations In this Impact Statement. 
Also  the mass o f  the lung for adult man (1000 g) is greater than the mass oi 570 g 
(lung mass minus venous and arterial blood) used in other lung dose calculations. 
However, the use of these values (in Table F-14) has no effect on che value of the 
desired ratio if the factor o f  2 in the values of bone mass and the ratio of lOOOg/ 
570 g for the lung masses is assumed to hold for all 3ges. 

The values 
The values for the bone are 

Note that the bone mass for an adult is twice the value of the 

Equations for Inhalation 

The dose to the lungs from an acute inhalation i s  given by 

Lung Dose (rem) = 51.15 $ (1-eeat) (34) 

where Po = the activity (pCi) initially deposited in the pulmonary regions of the 
lungs and clears with a biological half-time of 500 days (for Class Y). 

A = the effective clearance constant (d-l) for the lungs 
t = effective energy (MeV) deposited per disintegration 
m = mass of ttte lungs 
t = time (d) since the deposition 

1 The value of Po is proportional to the breathing rate B,. Sicce the desired 
value is a ratio, all constant values will cancel and, therefore, can be disregarded. 
T h e r e f o r e ,  equation 32 can be simplified to 

Lung Dose a 'r (I-e-at). ( 3 5 )  

The lung dose per year from an acute inhalation is, for year number (t2/365.25) 
a f t e r  t h e  intake, 

where tl = number of days since the start of exposure 
tZ = tl + 365.25 in units of  days. 

i 

(36) , 
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ACE-SPEC1F:C OhGAN MASSES 

Age 
(Years) 
Birth 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

Total Boc,, (kg) 
n* 
3.5 
10.4 
12 
14.5 
17 
20 
22.5 
25 
27 
29.5 
32 
35.5 
39 
45 
51.5 
57 
62 
65 
68 
69 
70 

Fema 1 e 
3.4 
9.4 
11.5 
I4 
16 
18 
20.5 
23 
26 
29 
32 
37 
42 
46.5 
51 
53 
54 
55 
56 
57 
58 

-__ 

Values from equation 

Organ Mass 

M I ?  
134.3 
342.5 
1158.8 
530.6 
566.6 
591.8 
660.7 
691.3 
808.0 
804.2 
931.4 
901.8 
986.6 
1103 
1166 
1228 
1448 
1515 
1702 
1570 
1800 

!Em.& 
136.5 
322.1 
428.9 
490.7 
559.0 
591.1 
603.5 
682.5 
732.5 
862.5 
904.6 
840.4 
1048.1 
997.7 
1209 
1349 
1414 
1417 
1541 
1433 
1400 

Bone ( g  - 
Male Female 
600 600 
1600 1400 
1800 1600 
1950 1700 
2050 1800 
2250 1950 
2500 2100 
2750 2250 
2900 2400 
3200 2550 
3500 2800 
3800 30P0 
5000 3400 
6500 3900 
8000 4400 
8500 5000 
8900 5500 
9300 5900 
9700 6200 
9900 6500 
10000 6800 

-I--- 

H* 
51.7 
170.3 
245.9 
304.7 
314.2 
260.6 
399.5 
365.4 
405.0 
376.4 
474.5 
465.6 
458.8 
504.5 
692.8 
691,7 
747.3 
776.9 
874.7 
1035.6 
1000 

Fema 1 e 
50.9 
175.3 
244.3 
265.5 
311.7 
319.9 
357.5 
404.4 
382.1 
358.4 
571.2 
535.0 

602.3 
517.0 
708.8 
626.5 
694.5 
654.9 
785.2 
800 

mi. 7 

36 are calculated for each value of the breathing rate from 
the onset of the chronic exposure to 70 years,  with the proper value of the lung mass 
for each year of the period. There are 70 calculations for t h e  first year of intake, 
69 calculations for the second year of intake, 68 calculations for the third year 
intake, and so on. 
age 20 when both the breathing ra,e and organ mass are constant. For the adult male 
and female one can simplify the process to  a mere 70 calculations for each. 
for all calculations are then summed to obtain ;he value of the relative age-specific 
dose to the lung for a simulated 70-year chronic intake. 

Note, however, as a simplification one can group the years past 

Values 

The dose to the other organs (total body, liver, and bone) from an acute inhala- 
tion based on the ICRP Task Group lung model (ICRP, 1966) for Class W solubility is 
given by 



i 

-ixt Orsan Ooze (rem1 51.15 f f i  . Po ' (1-e ) - 5 (I-eSAt) 
iz 

A 

Pa, = initial activity in the naso-pharynx and tracheobronchial compartments 

A = effective clearance constant (d'l) from the pulmonary compartment = 

which goes to  the blood via pathways a and c (pCi) 
Ax = effective removal constant (d") from the organ of interest 

Ab = biological clearance constant (d-l) from the pulmonary conpartment 

fe = fraction of the activity in the pulmonary compartment translocating 

fh = fraction of the activity in the pulmonary compartment translocating 

A + A  P b  

= physical decay constant (d") AP / 
i 

via pathway e (E, = 0.25 for solubility Class W) 

via pathway h (fh = 0.0833 for solubility Class W). 

Pathways a and c in the ICRP Task Group lung model refer to clearance from the 
naso-pharynx to the blood and from the tracheobronchial compartment to the blood, 
respectively. 
Pothway h refers t o  clearance from the pulmonary region to the lymph nodes. 

Pathway e refers to clearance from pulmonary region to the blood. 

Both Po and Pac are proportional to the breathing rate Br, but with different 
proportions. 
The organ dose per year from the acute inhalation is, for year number (t2/365.25) 
after the intake, 

Organ Dose per Year a m 3 q -  'r 1 \ 0.222 1 - q i ~ x t 2  Ax - ,-~xtl) ++t2 e-itl) - 7 (Atl + 1)e 

For a particle size of  0 . 3  pm AMAD, Po = 0.222 B, and Pa, = 0 .048  B,. 

b -at, 
18 ) 

-at2- 0 F 8  le-'xt2 - .-Axti ' 
4 (At + 7)e +-- )j .  ? 2  X 

The use of this equaticr, is the same as described for the lung dose calculation. 
Values of the parameters for use in equation 36 are presented in Table F-15 for 
239PU. 

TABLE F-15 
VALUES OF PMAMETERS USED TO CALCULATE THE RELATIVE ORGAN DOSE 

PER YEAR FOR PLUTONIUM-239 

Value of Parameters 
Ax d-1 A D Organ A (d'1)-2 ( 

Total Body 1.39 x 10 1.07 x 10 0.3336 -1.159 x 
Liver 1.39 x 4 .75  x 0.3347 -1.161 x 
Bone 1.39 x 1.91 x 10" 0.3339 -1.159 x IOS3 

\ Lungs 1.39 10-3 1.39 - - 
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Derivations of equations 36 and 37. based on modeling recotmended by the ICRP 
Task Group on Lung Dynamics (ICRP, 1966). are as follows. For an acute exposure the 
activity in the pulmonary region of the lungs P at time t after intake is given by 

P - Po e- it .  (39) 

The amount clearing from the lungs with an effective half-time of one day or 
less is considered to be negligible. The lung dose is given by (see discussion 
leading to equation 19) 

Lung Wse (rem) * 51.15 9. (40 1 

where Q is the integrated activity in the lung. in units of VCi-days and is given by 
integrating P (equation 39) over time t 

Subs 

lung 

t 
Q ( Pdt 

jLl 

itution of the expression for Q into equation 40 yields equation 34 .  

For the total body, liver, and bone the activity Y in organ x by pathway e (from 
to blood to organ) and pathway h (from lung to lymph nodes to blood to organ) is 

governed by the differential equation 

a-f'f dY x P t  f' A 2 e b  2 L b L S A x Y  ( 4 2 )  

where L = activity in the lymph nodes at time t (pCi) 
hLb = biological clearance constant from the lymph nodes (d- 1 ) 

Y = activity in organ x at time t (pCi) 

and all other parameters are defined previously. The term fjfehbP is the rate of 
input into organ x from the lungs via pathway e; the term fiALbL is the rate of input 
int@ organ x from the Lymph nodes; and the term AxY is the rate at which activity 
leaves organ x .  

I 

I 

Before equation 4 2  can be solved, it is first necessary to obtain equations for 
The equation f o r  L is obtained as 

The rate of change of the activity in the lymph 
P and L. 
follows (for Class W compounds). 
nodes is given by the differential equation 

?he activity P is given by equation 39. 

where the term fhAbP is the rate of input into the lynph nodes fron the lungs in 
pathway h and A L  is the rate of removal from thz lymph nodes. 
for L yields 

Solving equation 43 
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fhXb Po t e-xt. 
0 

Substitution of these expressions for P and L into equation 42  and solving 
yields the equation for the activity in organ x at time t via pathway e and h 

( 4 4 )  

The activity in organ x from pathway a (from the nasa-pharynx NP to the blood to 
organ x )  and from pathway c (from the trzcheobronchial TB compartment to the blood to 

organ x )  is assumed to be directly deposited in organ x ,  since the half-time in the 
NF and TB compartments is much less than one day. 
pathway a and c is therefore given by 

The activity in organ x from 

The to ta l  activity in organ x is the sum of equations 45 and 4 6 .  

The integrated activity Qx is obtained by integration of the total activity in 

The dase to organ x is given by 

Organ Dose (rem) = 51.15 9,. ( 4 8 )  

Substitution of equation 47 into equation 48 yields equation 37.  

Equations for Ingestion 

The dose to the organs from an acute ingestioa is given by 

(49  1 -Ixt Organ Dose (rem) = 51.15 f __ 'if' SI (1-e 
Ax 

where SI i s  the intake (pCi) at time t. 
14. 
disregarded. Therefore, equation &9 can be simplified to 

Other parameters are defined as for equation 
Since the desired value is a ratio, all constant values will cancel and can be 

f ,SI  -ixt 
Organ Dose o +I-e 1. 
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The organ dose per year €or the ycar number (t2/365.25) after the intake is 

fjSI  -A t- -AxtZl 
Organ Dose per Year a ( e  '- e (51) 

where t2 = t1 + 365.25 in units of days. 
organ dose for ingestion are the same as described for inhalation. 
are given in Table F-16 for 239Pu, *''Am, and 3H. 

The methods for calculating the age-specific 
The values of Ax 

TABLE F-16 
VALVES OF THE EFFECTIVE REMOVAL CONSTANTS FOR THE ORGANS 

FOR P1.UTONIU:I-23qI AMERICIUM-241, AND TRITI'JM 
Effect've Removal Constant Ax (d") 

Radio- Lungs 
nuclide Total Eody. 
239PU 1.07 10-5 4 . 7 5  1.91 1.39 x 1.39 x 
2 4  l&, 1.59 x 5.18 x 2.33 x 10" 1.39 x lo'* 1.39 x 
3H 5.78 x IO-' - - - - 

Liver Bone Class W Class Y 

Derivation of equation 49 is as follows. If the ingested activity SI is considered 
to go immediately LO the organ of interest following the acute uptake and then to 
leave the organ at an exponential rate governed by the effective removal constant A x ,  
the activity y i r t  the organ at time t i s  

where the term fiflSI defines the amomt in the organ immediately after 
ingestion at t = 0. The organ dcse is given by 

Organ Dose (rem) = 51.15 Q 

where Q is the integrated activity in pCi days and is given by integrat 
52) over time t 

(52)  

the acute 

(53) 

ng Y (equation 

( 5 4 )  

Ssbstitution of equation 54 into equation 53 yields equation 49. 

Sample Calculstion 

Calculate the age-specific bone dose ratio for the newborn ;.nd 10 year old males 
resulting from chronic ingestion of *39Pu. 
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Step 1: Calculate the relative brne dose commitment to reference man from each of 
the acute intakes as follo~ts. 
the relative bone dose to reference man using equation 50. The intake rate 
S I  is obtained from Table F-13 €or the adult male (605 g/d). The bone mass 

is obtained from Table F-14 for adult male (10000 8 ) .  The effective removal 
rate constant is obtained from Table F-16 far 239Pu bone (1.906 x 10- 

d' 1, and fl = 1. Sum these doses f o r  the years 7 0  through 1. Also sum 
the results for years 60 through I, and 50 through 1. 

For %each of the years from 7 0  to 1 talc. iate . 

1 

Step 2: Calculate the relative bone dose to the growing individual from each of the 
acute intakes as follows. 
a. Calculate the relative bone dose for the year of exposure and each 

succeeding year of life until age 7 0 ,  for the first intake as follaws. 
Use equation 5 1 .  ingestion rate SI obtained from Table F-13 for the 
male, bone mass m obtained from Table F-14 for the male, and the 
effective removal rate constant obtained from Table F-16 for '39Pu and 
bone. The relative gastrointestinal uptake factor is taken from 
Section F.1.5.1 EaLa for Age-Specific Intake Rate and Organ Hass a5 
100 for the newborn, and 1 for all other ages. For tbe first year of 
exposure, calculate the relative bone dose for that year by using the 
ingestion rate for the newborn, the bone mass €or the newborn. and 
tl=O d. Calculate the relative bone dose 
for the second year (the first year f_ollowir.g the intake) using the 
same jngestion rate, the bone mass €or the one year old, and t1=365.25 d. 
This result is 3.2" x 10". 
year through tl=19 x 365.25 d. 

The result is 8.67 x 

Continue this process for each successive 
Calculate the relative bone dose for  

the adult year; following the ingestion w i n g  the same ingestion rate, 
the adult bcne mass tl=20 x 365.25 d, and t2=70 x 365.25 d. 
value is 1.92 x 10-l. 

b. Calculate the relative bone dose for the year of intake and each 
succeeding year of life until age 70 for the second intake as follows. 
For the year of intake (which is age 2-21 calculate the relative bone 
dose using the ingestion rate for the one year old. the bone mass far 
the one year o l d  and t1=365.25d. The result is 8.11 x lo'&. Calculate 
the relative bone dose for the second year using the same ingestion 
rate, the bone mass for the 2 year old, and t1=2 x 365.25d. This 
result is 7.16 x 
Calculate the relative bone dose for the adult years following this 
ingestion using the same ingestion rate, the adult bone mass, tl=20 x 
365.25d and t2=69 x 365.25d. This value is 4.82 x 10- . Sum each of 
these results. 

This 
Sum each o f  these results. 

Continue this process through tl=19 x 365.25d. 

3 



r .  Continue this process through intake number 20. 
from Steps 2a. 2b, and 2c. 
number 11 through 20. 

Sum all the results 
A l s o  sum the results of Step 2c for intakes 

Step 3:  Calculate the ratio of the relative bone dose to the newborn ana 10 year 
old male to that of reference man as follows. 

, 

I 

a. 

b. 

For the newborn male, add the totdl relative bone dose from birth to 
age 20 from Step 2c and the total relative bone dose from age 20 t >  70 
(years 50 to 1) from Step 1. 
over the lifetime of the individual when chronic exposure siazts as a 
newborn. 
total relative bone dose to reference man aver the entire 70 years, 
obtained from Step 1. 
For the 10 year o l d  male, acid the total relative bone dose for intakes 
number 11 through 20 from Step 2c and the total relative bone dose to 

reference man for years 60 through 1 from step 1. This result is the 
relative bone dose over 70  years to the individual when exposure 
starts at age 10. The desired ratio is obtained by dividing this 
result by the total relative bone dose for reference man from Step 1 .  

This rzsult is the relative bone dosd 

The desired ratio is obtained by dividing this result by the 

The results of these calculations are tabulated in Table F-17. 

. .  
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TABULATION FOR STEP 3:  CALCULATION OF ACE-SPECIFIC RATIOS 

8 . 6 7 ~ +  10" + 4.79 x 10-1 ~ 1.51 Newborn Male: 
8.94 x 10" 

Equations for Ground Plane Irradiation 

It is assumed that organ doses from ground plane irradiation are not dependent 
on the age, gender, or organ size of the person, since the origin of the radiation is 
external to the body and self-shielding of the person's body is not included for dose 
to adults. All ratios to reference man are therefore uniky. 

F.1 .5 .2  Ratio o f  the 70-Year Dose to the 70-Year Dose Commitment 

The ratio of the 70-year dose from 70 years o f  Plant operation to the 70-year 
dose commitment from one year o f  Plant operation is presented in Table 3.1.2-7 for 
inhalation, ingestion, and ground plane irradiation. Since a ratio of two types of 
doses is the desired value, all constant values appearing in both the numerator and 
in the denominator cancel. The desired ratio is, therefore, given by the ratio of 
the dose conversion factors, for the same inc;-ke rate. 

For inhalation, the ratio is obtaiqed by multiplying the dose conversion factor, 
given in Table F - 1 .  by 70 and dividing by the dose conversion factor for :he corre- 
sponding radionuclides and organ, given in Table F - 2 .  The multiplication by 70 is' 
necessary to adjust the intake rate of 1 Ci/70 yr €or the values in Table F-1 to be 
for an intake rate of 1 Ci/yr, which i s  the intake rate for values in Table F - 2 .  

(7,.919 x l o5 )  or 38.0. 
For example, the ratio for the bone dose from 239Pu is equal to (4.295 x 10 5 x 70)/ 

---4 

t 
For ingestion, the bone dose conversion factor for the 70-year dose from 70 years 

of Plant operation is given in Table F-5. 
year dose commitment from one year of  Plant operation are obtained from the FOOD code 
as described in Section F.1.2.1 and are presented in Table F-18. The ratio is obtained 
by multiplying the dose conversion factor in Table F-5  by 70 and dividing by the dose 
conversion factor in Table F-18 for the corresponding radionuclide and organ. For 

lo3) or 39.1. The ratios based on the dose conversion factors frlr food ingestion 
also are considered to be valid for water ingestion, since the modeling from the GI 
tract to the organ of interest is identical for the two ingestion pathwam. 

The dose conversion factors for the 70-  

exbmpre, the ratio for the bone dose f o r  2r1Am is equal to (1.9 x 10 3 x 70)/(3.4 x 

.- 



TABLE F-18 
DOSE CONVERSION FACTORS FOR THE ?@-YEA2 DOSE 

FROM OXiE YE4R OF CtiROh'IC PLANT RELEASE 
FOR 70 YEARS OF FOOD INGESTION - AVERAGE INTAKE 

Radionuclide 
7H- 

2 3 4 ~  

2 3 3 ~  

2 3 6 ~  

2 3 8 ~  

231Th 
234~h 
238PU 
239Pu 
240Pu 
241Pu 
242Pu 

24zcm*2 
241- 

3 b s e  Conversion Factor reit*m 

Total Bo& 

1.1 s 10 
6.6 
1.1 s a0 
6.2  
2 .1  x 10 

5. G-3.- 
1 

1 

11 

1.3 104 
1.0 x 101 

1.5 x 101 

1.2 
1.2 

1.2 
9.4  
1.3 x 10 L 

I iver 
5 . 4  x 102 

* 
* 
f; 

* 
11 3.7 x 10 

2.5 lo4 
1.2 103 

2 1 . 4  x 10 
1.4 x IO2 
9.7 
1.3 x 102 

3 1 . 4  x IO 
1.9 lo3 

Bone - 
* 

2.6 x 10' 

2 . 5  x lo2  

6.5 x 10" 

1.5 x lo2 

1.3 x 101 

6 . 4  103 
2.8 103 
3.3 x 102 
3.3 x 102 
5.7 x 101 
3.2 x 102 
3.4 103 
4 . 9  lo3 

2%- 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

"TheXe-f'GF3Fdose conversicn factor is taken to be equ-1 to that for 

**2r2Cm is used for the "miscellaneous alpha-emitting isotopes." 
the total body. 

For ground plane irradiation, the 70-year dose from 70 yetrs of Plant operation 
is given by equation 21. The 70-ytar dose from one year o f  Plant releases followed 
by 69 years o f  exposure to ground contaminated by that release is given by 

(55) Organ Dase (rem) = 8.01 x lo8 (x) S F.  
Q g  

The ratio of equation 21 (for t = 25567.5 days) to equation 55 i s  35.3. Note 
that these equations neglect loss of the radionuclide by radioactive decay or neather- 
ing into the soil. This ratio is assumed to apply to all the radionuclides, except 2 r 1 A m .  

For 2 r 1 A m  there i s  a second component resulting from ingrowth from 241Pu. For 
t h i s  component, the 70 year dose from one year of plant releases is given by 

(56) Organ Dose (rem) = 8.01 x lo8 (6) (Sg)AFd + 1.87 x lo7 (6) (Sg)pFd 

where (S 
for 241Am. 

is the release rate (Ci/d) for 241Pu and (S  ) 

Fd is as defined for equation 22. 
is the release rate (Ci/d) g P  g P  

1 
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The 70-year dose from 70 years of Plant operations for 241An is given by the sum 
of equation 21, evaluated for 241Am,  and equation 23. This result is 

. Organ h e  (ren) = 2.82 x lo1’ (I)(SSInFd + 5.39 x IO8 (#)(Ss)pFd- (57) 

The ratio of equation 57 to equation 56 is 

2.82 x 10’o(S,), + 5.39 x lO8(S,JP 

8.01 x 108(Sp), + 1.87 x t07(S,),. 
Ratio = ( 5 8 )  

For ualu?s of (S )A = 2.55 x 10’‘ Ci/d and (S ) = 6.27 x Ci/d (from Table 
g P  F-IZ), the rai.io for f41Am is 32.9. 

Derivation of equation 55, for  the organ dose from a chronic release over one: 
.yeat followed by 69 years of exposure only to ground contaminated by that release, is 
as follows. 
of chronic releases, during which the ground surfrice concentration is increasing, and 
the dose from the remaining 69 years, during which the ground surface concentration 
i s  assumed to be constant, with no loss from radiological decay or weathering. ’The 
first component H1 is obtained by eval-uating equation 21 for t = 365.25 days. 

The organ dose consists of two components, the dose from the first year 

H1 = 5.76 x 106(if) SeF (59) 

The second component Hb9 is obtained as follows. First, the ground surface 

The dose H49 from exposure to 
concentration Gl at the end o f  the first year is determined. 
equation 25 for t = 365.25 days and Vd = 0.001 m/s. 
the constant surface concentration G1 i s  given by 

This value is given by 

“69 = 8.64 X I O 4  G , F  t (60) 

4 where the constant 8.64 x 10 
days. 

is the conversion factor seconds per day and t.is in 
Substituting for G1 and solving for t = 2.52 x lo4 days (69 years) yields 

Summing the two components HI and Hb9 yields the total dose over 70 years, given 
by equation 55. 

Derivation of equation 5 4 ,  for the case of the dose from 2*11\m ingrown from one 
year of rcl.:ase of 241Pu in addition to the dose from the released Z 4 1 A m  is as 
follows. 
are the doze H1 from the p41Am grown in during the year of chronic releases of the 
*‘lPu and the dose H69 from the 241Am which conticues to grow in during the remaining 

The dose from ingrown *.‘Am consists of tso components. These componrnts 
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69 years. 
days, 

The first component H1 is obtained 5y evaluating equation 20 for t = 365.25 
= 3.42 Ci/g. (SA)p = 103.5 Ci/g, hp = 1.322 x d-', and vd = 0.001 

m/s . 
HI = 3.03 x lG3 (tf)(S Ip f,, 

8 
(62) 

where (S ) 
for o 4 l ~ m .  

is the release rate (Ci/d) for Z4'Pu and Fd is the dose conversion factor g P  

The second component H6..) is obtained as.foIlows. The concentration of the 
parent 241Pu on the ground at one year, in terms of  mass (urn ),  is obtained by 
evaluating equation 25 for t = 365.25 day3 

2 

Po 3.65 x 10" '8 sP (63) 

where S is the mass release rate (g/d) for the 241Pu. The rate of ingrowth o f  2 4 1 A m  
from the deposited 241Pu is given by the differential equatio.1 

P 

where A = 

A =  P 
P(r)= 

The value 

mass surface concentration for =4rAm at time I from ingrowth from 
this component of the *'IPu. 
decay constant for 241P*i = 1.322 x 

end of the first year {T = 0 at t = 365.25d). 
of P ( I )  decreases with time from radiological decay and i s  given by 

d-' 
mass surface concentration for 24'Pu (g/m 2 ) at time I (d) after the 

Substituting equation 65 and 63 into equation 62 and solving yields 

-A T 
A = 3.65 x 10" (6) Sp(l-e ). (66) 

IConverting to activity by A = A(activity)/(SA)d and S = ( S  ) /(SA)p. where P g P  
g P  (St . , ,  = 342 Ci/g for 24iAm, (SA)p = 103.5 Ci/g for * 4 f P ~ ,  and (S ) 

release rate (Ci/d) for 241Pu, equation 67 for the 241Am surface concentration 
(Ci/rn ) is obtained from equation 66. 

is the activity 

2 

-1 T 
. Alactivity) = 1.21 x (&)(Sg)p(l-e ) 

The 69-year dose ti69 is obtained by solXing the differential equation 

dH69 4 dr = 8.64 x 10' A(activity1 Fd (68)  
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where A(activity) is given by equation 67 and Fd is the dose conversion factor fc,r 
r * l A m .  Solving for Hb9 yields 

.. Evaluating equation 69 for T = 2.52 x 10 4 days (69 years) yields 

Summing equations 62 and 7 0  yields the 70-year dose from **lAm ingrown from 
¶‘lPu released chronically during the first year. 

rate for 241Am (S  ) 

This result is the second term in 
equation 56. The first term in equation 56 is equation 55, where S is the release 

and F is the dose conversion factor for 241Am Fd. g A  

F.1.5.3 Population Dose5 

The population organ doses, presented in Table 3.1.2-8, are obtained by multiply- 
ing the number of people at each o f  the 16 directions and 8 distances from the plant, 
as presented in Figure 2.3.3-1 for the populatiox. in 1977 and in Figure 2 . 3 . 3 - 2  for 
the projected p3pulation in year 2000, by the organ dose for the corresponding direc- 
tion and distance (Table 3.1.2-3). The values for a given organ are then summed to 
give the total population organ dose, in units of man-rem. 

There is one refinement to thi3 calculation involving the sections in which the 
population is considered to drink water supplied from Standley Lake. The total 
number of persons drinking water supplied from Standly Lake in 1977 i s  118,500 or 45% 
of the total population in those sections. For the sections identified in Table 3.1.2-3 
as containing persons drinking water supplied from Standley Lake, 45% of the population 
was considered to drink that water and receive the dose presented in Table 3.1.2-3. 
The remaining 55% receive the dose presented in Table 3.1.2-3 minus the dose contribu- 
tion frcm the drinking water supplied from Standley Lake. For the year 2000 projected 
population, the value of 45% is .:ssumed to remain valid, and the same procedure is 
used. 
persons in thos? sections are 5.28 x loe4 rem to the total body, 2.95 x 
the liver, 6 .43  x rem t o  the bonc, and 5.28 x rem to the lungs. 

The dose contribution from drinking water supplied from Standley Lake to 
rem to 

For the contribution to the population dose from the sections containing persons 

1. 
2 .  

3. 
4 .  

drinking water supplied from Stzndley Lake, the procedure is as follows. 
Multiply the population in the section by 0.45. 
Multiply that result by the organ dose presented in Table 3.1.2-3 for that 
section. 
Multiply the population in the section by 0.55. 
Subtract the organ dose contribution of Standley Lake drinking water (from 
the preceding paragraph) from the corresponding value i n  Table 3.1.2-3. 
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5. 
6. 

Multiply the result of Step 3 by the result of Step 4 .  
Sum the values from Step 2 and Step 5. 
dose for that section. 

This sum is the population organ 

F.l 5 . 4  Population Dose for a Hypothetical High Density Population East of the Plant 

The population bone dose is presented in Tabie 3.1.2-9 for the projected popula- 
tion for year 2000 plus a hypothetical. high density population in the eastern sectors 
at distances between 2 and 5 miles from the center of the Plant. This section presents 
the considerations for that calculation. 

The value o f  7296 pexsons per square mile is used as the hypothetical high- 
density population. This value is obtained as follows. Based on the subdivisions of 
Countrydale and Countryside. east of the Plant, the average number o f  dwellings per 
acre ts 4 . 0 3 .  Based on data from the Denver Regional Council o f  Governments (DRCOG), 
the average family size is 2 . 8 3 .  At one family per dwelling, the number of persons 
per acre i s  11.4, and, at 640 acres/mi2, the number of persons per mile2 is 7296. 

Next, the section (for sector direction and at distance r2-rl) area is determined, 
where r2 and r1 are the outer and inner distance (miles) of the section boundaries 
from the center of the Plant. From basic geometry the section area is ( /16)(r$-ri). 

Multiplication of the section area by the value 7296 persons/mi2 yields the 
hypothetical population for that section f o r  year 2000. Note that when calculation 
is done for any section, the result is at least 3.56 times greater than the year 1977 
population for any section, even for the section containing the center of Denver. NO 
credit is taken for large bodies of water, such as the SE sector containing Standley 
Lake . 

The population dose is obtained using the procedure described in Section F.1.5.3. 

Note that these procedures can be used to calculate the population organ dose to 
hypothetical population densities for any section or groups of sections. The eastern 
sections out to 5 miles were chosen for this impact analysis to illristrate the possible 
impact to the population dose from potential nearby developments ove: and above that 
projected by DRCOG for year 2000. 
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F.2 Accidental ReleaPes 

F.2.1 Assessment of Risk Dose 

The risk dose frorn accidmtal releases is determined for reference man as a 

function of direction and distance from the Plant. The risk dose is the sum of the 
risk doses for the pathways of inhalation, food and water ingestion, ground plane 
irradiation, and plume shine (for releases from criticality accidents). The organ 
risk dose to the thyroid as well as to the total body, liver, bone, and lung5 is 
calculated. 

* 
In general, the concept of the risk dosc requires thd: the release over a period 

of years be treated as an acute* release at the start of each of the years, The 
series of acute releases can be well-approximated by a chronic release over that 
period of years. 
accident occurred multiplied by the probability of occurrence per year. 

The rate of release equals tne magnitude of the release (Ci) if the 

F.2.Z.l Inhalation Pathway 

The organ risk dose via inhalation is obtained in the same manner as described 
in Section F.i.1 for routine releases. Refer to that sectioir for the details of the 
methodology. 

The source terms are obtained from Table 3...3-1 (right column). These values 
are ia terms of pCi/:?r and need to be converted to Ci over 70 years by multiplying by 
7.0 x 10% 
resuspension (multiply by 1.97) and apportioned among t- isotopes of plutonium. The 
distribution amone the isotopes of plutonium is based on the isotopic composition by 
weight for Rocky Flats plt-ronium given in Table 2 . 7 . 2 - 2 ,  converted to isotopic compo- 
sition by aczivity. 
obtain the desired source terms over 70 years for the plutonium isotopes and americiv-4. 
The alpha activity of 24*Am is taken to be 20% of  the plutonium alpha activity (the 
314 pCi/y refers to plutonium alpha activity only). 
the maximum of ingrowth of *41Am in Rocky Flats plutcnium, furthei ingrowth is consi- 
dered €or the 24JAm for these calculations, as was described for the routine releases 
(Section F. 1.1.1). 

The total of 314 pCi/yr for plutonium alsa needs to be adjusted for 

These conversions are accoaplished as shown in Table F-19 to 

Although the value of 20% exceeds 

The dispersion factors x/Q** to off-site locations are presented in Table B-2-4 
of Appendix B-2. For the "chronic" releases from the postulated accidents, the 
dispersion factors are Calculated for Pasquill E conditions with a wind speed of 

*The word "acuLe" is meant to imply a release of vary short duration and not neces- 
sarily requiring urgent attention. 

integrated air concertration in (Ci*s)/m3 and Q is the total release in Ci, as 
discussed by Houston :Houston, et al., 1976). 

++Throughout this discussion, x/Q is used to represent E/Q, where E is the time 
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TABLE F-19 
CONVERSION OF THE SOURCE TERM FOR PiUTONIUM 1SC)TOPES AND FOR AYERICIUH 

Relative 
Weight 

lsotope (g) 
238Pu 0.01 
2 3 9 ~ ~  93.79 
240Pu 5.80 
Z'lPu 0.36 
P4Zpu 0.03 
24 l&, - -  

Specific 
Activity 
(Ci ,'g ) 
17.1 
0.0622 
0.225 

0.00393 
163.5* 

e -  

Re la t ive 
Ac t i v i t y 

(Ci) 
0.00171 
0.05834 
0.01322 
0.3726i 
i.18 x 10- 

(1) 

--- 

6 
- -  

Fraction of 
Pu Alpha 

0.0233 
0.7962 
0.1804 
5.085 

ktivity (2) - 

1.61 
0.20t3) 

Total 
Risk Source 

Risk Source Term 3ver 
Term ( 4 )  70 Years (5) 
(pCi/yr) (Ci) 

7.3;' 1 . C ?  -: 
250 3 .45  ir 10-2 
56.6 7.81 I 

1597* 2 .20  x 10-1 
5.06 6.97 

9.19 x 10- 3 (6) 62.8 
---- * Beta Activity. 

(1) Obtained by multiplying the percept by weight by the specific activity. 
( 2 )  Obtained by dividing the relative activity by the sum of the relative activities 

( 3 )  The value for 24*Am is taken to be 20% of tke plutonium ;??ha act-vlty. 
for the plutonium alpha emitters. 

( 4 )  Obtained by multiplying the fraction of the Pu alpha activity by the value of 

(5) Obtained \y multiplying the risk source term (pCi/y) by 7.0  x IO" (Ci.yr)/pCi 

(6) For 2 c 1 A m  the component of the amount of resuspended 241Am ingrown from 241Pu is 

314 pCi/yr. 

and by 1.97 to include the ccur,-onent from 70 years of resuspemion. 

included. T h i s  additional componenL i s  equal to 4.7 x times tht risk 
source term f o r  241Pu, i . e . ,  5.25 s Ci. 

3.0 m/s and are weighted by the frequency with which the wind blows into the sector 
of interest. One can argue persuasively thn: the factors should also be weighted 
according to the frequency of each PasquiII stabiliLy class, as was done for the 
dispersion of routine releases. 
i n  a more conservative assessment of the dispetsion, an approach which is appropriate 
for the assessment of risk from xridental releases. 

However. use c f  PJSqWill E stability class results 

The dose conversion factors for the 7C-yzar dose froa 70 years of chronic 
intake v i a  inhalation for the plutonium isotopes and for 241ka are those presented in 
Table F-1. 

The dose conversion factors for fission products released from criticality 
accidents are also obtained from the PACRIN computtr code and are presented in 
Table F-20. These factors are gener2:ed by the DACRIN code using specific values of 
the source terms and are a composite sum for the :ission prodwts listed in Table 3.2.3-2.  
A solubility class D (clearance from the Imgs with a half-time of up to a feu days) 
is assumed for the generation of the dose conversion factors for all organs (except 

F-49 

" 
i 



/' 

. .  

\ 
'. 

t 

Distance 
(miles) 
2 
3 
4 
5 

IO 
20 
30 
40 

TAELE F-20 

RELEASED FROM POTENTIAL CRITlCALITY ACCIDENTS V I A  ISHALATION 
COMPOSITE 70-YEAR RISK DOSE* FOR UNIT DiSPERSION FOR RADIONUCLIDES 

3 
1 Dose for Unit Dispersion (7 remhm 

-% 7.24 x 10-1 1.52 2.92 4.34 x 10 

6.99 x 10-1 1.49 3.08 3.97 x 101 

Total Body Liver Bone- 

1 7.14 x 10-1 1.50 3.02 4.14 s IO 

6.84 x 10-1 1.47 3.13 3.81 x lo1 
1 6.19 x io-' 1.41 3.17 3.22 x 10 
1 5.19 x 10-1 1.31 3.13 2.56 s 10 

4.20 x Z0-l 1.22 3.07 1.98 s 10 
4.62 x IO-1 1.26 3.09 2.21 x lo1 

1 

Thyroid 
-2 3.62 x 10 

3.51 x 10' 
3.42 x 10' 

2.95 x IO2 
2.50 x 10' 

3.34 s lo2 

2.21 x lo2 
2.01 x lo2 

\ *  
qhese values are Gecific for the source terms a d  values o €  the probability 

\\ of occurrence for the criticality accidents postulated in this Impact Stateisent. 

the lungs) for the fission products from criticality accidents. .A solubility Class W 
is assumed for the lungs. The factors are presented as a function of distance, since 
the DACRIN code computes the decrease in the source term from radiological decay plus 
the ingrowth of daughter radionuclides during the time for the radionuclides to 
travel from the plant site to the distance of interest. traveling at a speed of 
3 . 0  m/s. No resuspension is included for these radionuclides, which, except for the 
plutonium and americium, are noble gases and short-lived isotopes of iodine and 
bromine. 

- F.2.1.2 Food Ingestion Pathway 

The organ r i s k  dose via food ingestion is obtained in the same manner as des- 
cribed in Section F.1.2 €or routine releases. 
of the methodology. 

Refer to that section for the details 

8 I 

I Source terms for plutonium and americium are obtained as discussed for the 

Source terms for these 
inhalation pathway (Section F.2.1.1). The only fission products of consequence for 
this pathway are the isotopes of iodine and bromine-S2. 
isotopes are obtained from Table 3.2.3-2. Source terms for pldtonium and americium 
are converted to Ci released over 70 years by multiplying by 7.0 x 

For the fission prodwts, the source terms are converted to C i  released over 
70 years by multiplying by 70. 
the inhalation pathway (Section F.2.1.1). 

The dispersion terms are obtained as described for 

, .. 
/ 
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The dose conversion factors are generdted by the FOOD computer code described in 
Section F.1.2.1 and are presented in Table F-5 for plutonium and americium and in 
Table F-21 for the significant fission products. These factors pertain to a release 
of one curie over 70 years. 

TABLE F-21 
DOSE CONVERSIOX FACTORS F3R FISSION PRODUCTS 

USED IN RISK WSE CALCULATIONS VIA FOOIi INGESTION 
'IO-Year Chronic Release and FOO? Consumption at the Average Intake Rate 

Radio- 
nuclide 

82 B r  
-- 
1311 
1321 

1331 
1341 

1351 

rem-m 3 
Dose Conversion Factor (r) 

Total Bod Liver Bone Lungs Thyroid -3 4.9 x 10 * * * * 
1 .o 1.7 1.7 * 5.9 x lo2 
2.1 x :0-l6 5.6  x 3.1 x * 7.7 10-l~ 

2 . 0  * * * 7 . 3  

1.1 * * * 6.6 x 10-1 
-L* ** ** ** ** 

* The value €or the dose conversion factor is taken to be that for the total body. 
nuclide because the dose from this radionuclide is considered to be negligiblc. 

** No cxlculation was made by the FOO? code for input values for this radio- 

F.2.1.3 Water Jngestion Pathway 
-u * 

The risk dose from water ingestion results from "chronic" airborne releases and 
from tke risk of the impoucdment failure releasing wcter to Great Western Reservoir. 

W o r n e  Releases 

The risk dose from airborne releases is obtained in the same manner as described 
in Section F.1.3.2. Refer to that section far details of the methodology. 

The source terms for plutonium and americium in units of vCi/yr are obtained 
from Table F-19, column 6. For fission products, the source terms are obtaired fro3 
Table 3.2.3-2 and are multiplied by lo6 to convert to units of pCi/yr. 
decay is includ?d for the time between the release and the consumption. 

No radiocctive 

The dispersion factor is weighted by the wind direction frequency and is calcu- 
lated using the methodology in Appendix B-2 with the values of  parameters given in 
Section F.1.3.2. The dispersion factor to Great Western Reservoir is 1.46 x loe7 
s/m3 and to Standley Lake, is 9.80 x s/m3. . 

/' 
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The dose conversion factors for piutOniUR and americium are those presented in 
Table F-8. 
are calculated using equation 14 and values of parameters from ICAi 62. These 
factors are presented in Tab?e F-22. 

The dcse conversion factors for the isotopes of iodine and bromine-82 

/ 
/ 

Risk Dose from Risk of an Impoundment Failure 

The risk dose from ingesting water supplied from Great Westerr Reservoir resulting 
from the risk of an impoundment failure is obtained as follows. 
annual release (pCi/yr) i s  obtained from Table 3.2.3-1. The values are 87 pCi/yr for 
plutonium isotopes. 82 pCi/yr for 241Am, and 485 pCi/yr for uranium i-.otopcs. The 
activity values for the plutonium and uranium isotopes are first .:;portioaed among 
the isotopes. 
For uran1:rm the distribution i s  based on the ratios of the .ictiviLzes in Table 3 . 1 . 2 - 1 .  

Western I.esetvoir, with an assumed turnover rate of once per year. 
tration Cw (pCi/P) for each radionuclide is then given by 

The "expected" 

For plutonium this distribution is accomplished as shown in Table F-19. 

All of the released activity is assumed to go into the 3.79 x 10 9 i volume of Great 

The water concen- 

c, = lo6 s, (;I (71 1 

where Cw = radionuclide concentration in the water of the reservoir (pCi/P) 
Se = "expected" activity released in a year for a given radionuclide 

(iJCi) 
V = reservoir volume ( 2 )  = 3.79 x 10 9 2 for Great Western Reservoir 

10' = conversion factor from iJci to pci (10" pci/pci) 
It is assumed that the activity concentration in the finished drinking water is the 
same as that in the reservoir water Cw. No credit is taken for pcssible removal in 
the water treatment process. 

Once the value of C, is obtained, the organ risk dose can be calculated using 
equation 13. 
conversion factors are obtained from Table F-8. This calcalation is done for each of 
the radionuclides, and the results are summed for each organ. 

F.2.1.4 Ground Plane Irradiation 

The intake rate 1, is 1.65 2/d for reference man. Values of dose 

/ 
/ 

The risk dose from ground plane irradiation is calculated from a chronic buildup, 
as described in Section F.1.4. 
as well as the isotopes of plutonium and 241Am. 
plutonium and 241Am can be calculated from equation 21 (plus equacion 23 for * 4 l & ) .  

However, equation 21 assumes no radioactive decay, an assumption that is not appro- 
priate fc- &he isotopes of iodirre. When radioactive decay is included, the equation 
for the organ doae is given by 

In this case the isotopes of iodine are of interest 
The risk dose for the isotopes of 

/ 
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TABLE F-22 
DOSE CONVERSION FACTORS FOR WATER INGESTION FOR 
FISSION PRODUCTS FOR RISK DOSE CALCULATIONS 

Radio- 
nuclide Orban 

Liver 
Bone 
Lungs 
Thyroid 

8 2 8 r  Total Body 

1 3 1 1  

1 3 2 1  

1331 

Total Body 
Liver 
Bone 
Lungs 
Thyroid 

Total Body 
Liver 
Bone 
Lungs 
Thyroid 

Total Body 
Liver 
Bone 
Lungs 
Thyroid 

Total Body 
Liver 
Bont. 
Lungs 
Thyroid 

I 

1351 Total Body 
Liver 
Bone 
Lungs 
Thyroid 

f 1 _. 

1.0 

1 .o 
1 .o 
I .c 

I .o 
1 .c 
i . 0  
I .o 

1.0 

1.0 
1.0 
1 .o 

1.0 

1.0 
1.0 
1 .o 

1 .o 
1.0 
1.0 
1.0 

1.0 

Dose Conversion 
Values o f  Parameters Factor 

1 .o 0.533 1.8 70000 6.31 x IO1 
* 
* 
* 
* 

1.0 9.12 x lo'* 0.44 fOOOO 9.01 x 10' 
0.12 0.186 ** 1800 2.06 x lo2 
0.07 0.136 ** 5000 5.92 x 10' 

* 
0.3 9.12 x IO'* 0.23 20 4.95 lo4 

1.0 7.15 1 .7 70000 4.44 
1800 2.05 x 10' 0.12 7.22 ff 

5000 4.31 0.07 7.22 ** 
* 

0.3 7.15 0.65 20 1.78 103 

1.0 0.797 0.84 70000 1.97 x 10' 
I800 8.14 x 10' 0.12 0.900 ff 

5000 1.82 x lo1 0.07 0.845 *f 

0.3 0.797 0.54 20 1.33 x lo4 

1.0 19.3 1.5 70000 1.45 
1800 6.60 0.12 19.8 ff 

0.07 19.3 *f 5000 1.42 

0.3 19.3 0.82 20 8.33 x lo2 
1.0 2.48 1.3 70000 9.79 

1800 4.41 x 10' 0.12 2.57 ** 
0.07 2.57 +* 5000 9.26 

* 

* 

* 
0.3 2.48 0.52 20 4.11 103 

'-k The value fLFTG5 dose conversion factor is taken to be that for the total body. * The value for the effective energy deposition is taken to be that for the total body. 
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where the variables are defined as for equation 21, and A is the radioactive decay 
constant (d”). 
iodine isotopes (of importance) the values of the radioactive decay constant and the 
reductions of equatim 72 for t = 25567.5 days are given in Table F-23. 
sion factors F generated by the EXREM computer code, are alsc presented ip Table F-23. 

A deposition velocity of 0.01 m/s is used for iodine. For the 

Dcse conver- 

TABLE F-23 

IRWIATION FOR THE ISOTOPES O F  IODINE FOR A CHRONIC RELEASE 
VALUES FOR THE EVALUATION OF THE 70-YEAR ORGAN DOSE FROM GROUND PLANE 

Decay Constant Organ Dose Dose Conversion Pactor F 
Isotope A (d”) (rem) (rem*m*/Ci.s) 

1 3 1 1  0.0861 2.56 x IOb (x/Q> SF 1.6 
1 s 2 1  7.23 3.06 x lo6 (x/Q) SF 9.1 10-3 
1331 0.792 2.70 x lo7 (X/Q) SF 2.7 20-3 
1 s s z  2 . 4 8  8.91 x lo6 (x/Q) SF 6.8 10-3 

The total organ dcse is the sum of rhe organ doses for all ihe radionuclides of 
interest. using source terms given in Tables 3.2.3-1 and 3.2.3-2, converted to units 
o f  pCi/day., The assumption is made that the person is exposed 24 hours a day for 
70 years. This assumption is conservative by at least a factor of three. since the 
average person is not likely to spend more than 8 hocrs per day outdoors. 

Derivation of equation 72 is as fo?.lows. 
2 

For a chronic release the rate of 
buildup of the surface concentration G (Ci/m ) of the radionuclide, including radio- 
active decay, is described by the differential equation 

where all variable have been defined previously. 
deposition of the radionuclide from the airborne release and the term AG is the rate 
of loss by radioactive decay. Solving for G yields the value of the Surface concen- 
tration at any time t 

The term (x/Q) V d is the rate Of d g  

The organ dose H over time t from continuous exposure to the ground concentration 
is obtained by solving the differential equation 

dH a = 8.64 x lo6 : F (75) 
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4 where t is in days, A is d’*, and 8.64 x 10 
ting C frotc equation 7 4  and solving yields 

is the conversion factor s/d. Substitu- 

b 

( 7 6 )  = 8.64 x IO4 (x) V S F (L + j7 - 
Q d g  A A -?I A 

For vd = 0.01 m/s for the iodines, equation 72 is obtained. 

F.2.1.5 Plume Shine Irradiation 

PIume shine refers to the irraciation received by a person from external radio- 
nuclides in the air. This pathway is significant only for certain fission products 
for criticality accidents. Dose conversion factors for plume shine are generated by 
the SUBDOSA computer code, developed at Rattelle-Pacific Northwest Laboratories 
(Strenge, et al., 1975). Input to this code is the value of activity released for 
each radionuclide from the postulated metal and solution criticality accijents (Tables 
3.2.2-3 and 3 . 2 . 2 - 4 ) .  Although the calculation of the dose conversion factor is done 
for an acute release, the value is the same for a chronic release (of the same magni- 
tude), since the total dose delivered from radionuclides external to the body is the 
same as long as the product of the activity and the time is the same for both exposures. 
For example, exposure LO 365 units of activity for one unit of time results in the 
same dose as exposure to one unit of activity for 365 units of time. The dose conver- 
sion factors used in this Impact Statement are for the gamma dose at a depth of  1 cm 
for the total body. These factors are used for all other organs as well (a conserva- 
tive assumption). These dose conversion factors are a function of distance, since 
there is both radioactive decay and daughter ingrowth during the time of airborne 
transit from the plant to  the location of interest. 

The 70-year organ risk dose from plume shine is given by 

Organ Risk Dose (rem) = 70 (b) (O.OOO!l Fpn + 3.65 x lO-’F,,) ( 7 7 )  

3 
3 

where F = dose conversion factor (rem*m /s )  €or the metal criticality accident 
Fps = dose conversion factor (rernem /s)  for the solution criticality 

0.0008 = probability per year of the maximum credible metal criticality 

3.65 x = (1  x + 0.008 x ) where 1 x is the probability per year 

Pm 

accident 

accident 

of the maximum c r e d i m  solution criticality accident and 0.008 is the 
probability per year of the maximum probable solution criticality 
accident (at a magnitude o f  f/220 of the maximum credible qolution 
c r i ti c a 1 i t y ac c i der, t ) 

70 = number of years for which the release and dose are considered 
3 x/Q = dispersion factor (s/m ) obtained from TabZe B-2-4. 

The values of the dose conversion factors F 

PS 

for the metal criticality accident pm 
and F for the solution criticality accident are presented in Table F-24.  

/-- 
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Distance 
(Uiles) 

1.2 
2 
3 
4 
5 

10 
20 
30 
40 

TABLE F-24 
DOSE CONVERSION FACTORS FOR PLUME SHINE RESULTING FROM 

THE POSTULATED CRITICALITY RELEASES 

3 
1 Dose Converson Factor* (7 

rem-m 

Metal Criticality 
452.5 
382.7 
325.8 
281.1 
243.4 
122.3 
40.93 
20.73 
13.38 

Solution Criticality 

9.005 x lo4 
7.651 x lo4 
6.586 x lo4 
5.589 x lo4 
2.826 x lo4 

4.617 x lo3 
2.967 x l o 3  

1.065 lo5 

9.241 103 

%Calculated for a depth of 1 cm in the body but is applied to all organs. 

F.2.1.6 Sjmplc Calculation of the Risk Dose _- 

Calculace the 70-year risk dose to the bone of reference man living at a distance 
of  2 miles in the southeast direction. 

/,-- 

Step 1. Calculate the risk dose for unit x/Q via inhalation as follows. 
a. For plutonium and americium, obtain the risk source tenus over 70 

years from Table F-19. Multiply these values by the dose conver- 
sion factors from Table F-1 for corresponding radionuclides. Sum 

the results. 

per unit x/Q is obtained directly from Table F-20. The value for 
this calculation is 4.17 x 

b. For radionuclides released by criticalities, the composite dose 

(renr-m3)/s. 
I C. Sum the results of Steps la and lb. 
I 

Step 2. Calculate the risk dose for unit x/Q for food &ngestion as follows. 
a. For plutoniu and americium, obtain the risk source term over 70  

years by multiplying the values of the risk source term (pCi/yr) 
from Table F-1s by 7.0 x lo+. 
conversion factors from Table F-5 for corresponding radionuclides. 
Sum the results. 

in Table 3 .2 .3 -2  by 70 and by the dose conversion factors presented 
in Table F-21. Sum the results. 

Multiply these values by the dose 

b. For radionuclides from criticalities, multiply the source terms 
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c. Sum the results of Steps 2a and 2b. 

Step 3. Calculate the risk dose for water ingestion as follows. 
a. For airborne plutonium and americium, obtain the risk source 

tenas ()tCi/yr) from Table F-19. Calculate the concentration 
(pCi/P) in Standley Lake by multiplying the risk source term by 
8.83 x (equation 20) for each radionuclide. Multiply these 
values by the average intake rate (1.65 n/d), by pCi/pCi, 
and by the dose conversion factor, presented in Table F-8, for 
the corresponding radionuclide. 

3.2.3-2 and multiply by 10 . 
multiply by 8.83 x 10". by 1.65, by 
sion factor, presented in Table F-22, for the corresponding 
radionuclide. Sum the results. 
Sum the results of Steps 3.3 and Jb. 

Sua the results. 
b. For airborne iodine and EzBr, obtain the source terms from Table 

6 As in Step 3a (but for vd = 0.01 m/s), 
and by the dose conver- 

C .  
_- 

Step 4 .  Calculate the risk dose for ground plane irradiation for unit dispersion 
as follows. 
a. For plutonium and americium, divide the risk source term (pCi/yr), 

Based on equation 21, multiply 
from Table F-19, by 365.25 and multiply by 
risk source term in units of Ci/d. 
the risk source term for each radionuclide by 43.2 and by 6.54 x 
lo8. 
factor, from Table F-11, for the corresponding radionuclide. 
Include the contribution from ingrowth of z41-4m from deposited 

5.39 x 10 (froa equation 23) and by the dose conversion factor, 
from Table F-11, for 2r1Am. Sun: all results. 

b. For the iodine isotopos, divide the risk source terms from Table 
3.2.3-2 by 365.25 to convert to units of Ci/d. 
constants presented in Table F-23 (2.56 x 10 for l3Il, and so 

on) and by the value of the dose conversion factor, also presented 
in Table F-23, for the corresponding isotope. Sum all results. 
Sum the results of Steps 4a and 4b. 

to obtain the 

Multiply the result by the value of the dose conversion 

241Pu by multiplying the risk source term (Ci/d) for *'lPu by 
8 

Multiply by the 
8 

e. 

Step 5. Calculate the risk dose from plume shine irradiation for unit x/Q as 
follows, based on equation 7 7 .  
the metal criticality for 3 distance of 2 miles, from Table F-24. 
This value is 382.7. Multiply by 0.0008, yielding 0.306. Multiply 
the value (9.005 x 10 )., from Table F-24 for the solution criticality 
at 2 miles, by 3.65 x yielding 3.29. Sum the two results ( 3 . 6 0 )  

Obtain the dose conversion factor for 

4 

end multiply by 7 0 ,  yielding 2.52 x 10 2 (relaam 3 )/s. 

F-57 
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Step 6. Sum the totals from Steps f c ,  2c,  4c. and 5. Obtain the value of the 
dispersion factor for 2 miles in the SE direction from Table 8 - 2 4 .  
hitiply this factor (1.66 x by rhe sum. To chis result, add 
the risk dose from water ingestion. Round off to 2 significant figures. 
The result (4.1 x IO'* rem) is the 70-year risk bone dose. 

The results of these calculations are tabulated in Table FA25. 
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F.2.2 Assessment of Dose Downwind from Accidents 

The organ doses to persons downwind following an accidental release are calculated 
for each type of maximum credible accident. 
for which the methodology is discussed: 
2) criticility accidents releasing airborne fission products (and some plutonium), 
and 3) impoundment failure resulting in waterborne releases. 
considered to be acute releases, and the organ dose calculated is the 70-year dose 
commitment. The pathways considered are the same as those for the risk dose assessment, 
and the methodologies are similar. 

There are three categories o f  accidents 
1) accidents releasing airborne plutonium, 

These releases are all 

F.2.2.1 Accidents Releasing Airborne Plutonium 

Accidents releasing airborne platonium are the spill, mechanical failure, fire, 
explosion, aircraft impact, tornado, and high wind. Once the assessment of dose is 
made for one of these accident types, the assessment can be made for any other of 
these types by multiplying by the ratio of the activities released. 

Inhalation Pathway 

The organ dose is obtained in the same manner as described in Section F.1.1. 
Source terms are obtained from Table 3.2.3-1. The activity is in terms of pCi pluto- 
nium released and needs to be apportioned among the isotopes of plutonium as discussed 
in Section F.2.1.1. The value for *4*&n is taken to be 20% of the plutonium alpha 
activity. The activity is converted to curies by multiplying by Ci/pCi. 

As for chronic releases, there is resuspension of material deposited from acute 
releases to consider. This factor, which is the ratio of the integrated activity 
from resuspension to the activity in the initial release, is 0.97 (as for chronic 
releases). The derivation of  this factor is as follows. The activity deposited on 
the surface o f  the ground from an acute release is given by 

2 where C, = surface activity (Ci/m 1 
So = activity acutely released (Ci) 
Vd = deposition velocity (m/si 

x/Q = dispersion factor (s/m 3 ). 
The air concentration Ca, from resuspension at time t after deposition, is 

C, = Ca k(t) 

F- 60 
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where k(t) is the modified Anspaugh resuspension expression discussed in Section 
F.l.l.l. 
by integrating equation 79, 

The integrated air concentration Car from resuspension over time t is given 

/- 

Integration over 70 years (t = 25567.5 days) yields 

cal = 1.122 x 10-2 G,. 

Substituting for G, from equation 78 and for vd = 0.001 m/s, the integrated air 
concentration from resuspension is 

with units of (Ci-days)/m 3 . This result is the numerator of the resuspension ratio. 

The denominator of the resuspension ratio is activity in the initial release 
So (Ci) multiplied by x/Q (s/m3) and by 1.16 x days/s to give the *'integrated** 
air concentration Co from the initial release in terms o f  (Ci-days)/m 3 

Co = I .I57 x 10'' So($). 

The ratio of equation 82 divided by equation 83 is equal to 0.97. This factor, 

For 241Am there is an additional component, as for tne 
when multiplied by the initial airborne activity, gives the source term for the 
component from resuspension. 
chronic releases. 
radioactive decay of 241Pu. This factor, for the acute release, is 9 . 4  x 
times the initial airborne source term for 241Pu and is obtained by evaluating equation 
10 for t = 25567.5 days (70 years). 

This component is the resuspended 24*Am which had ingrown from the 

The dispersion factors x/Q for the acute releases are those given in Table 
8-2-3 in Appendix B-2. 
is used to calculate the dispersion factors for all the postulated accidental releases, 
including reieases from the tornado and high wind accidents. 
a high wind of 158 mph (70.6 m/s) i s  calculated for a Pasquill D Stability class, the 
dispersion factor is a factor of 50 to 70 less than the x/Q for Pasquill E conditions, 
with a wind speed of 3.0 m/s, at distar.ies of 2 miles so 40 miles downwind, respectively. 

The Pasquill E stability class with a wind spetd of 3.0 Ws 

If the dispersion from 

The dose conversion factors are generated by the DACRIN computer code for acute 
releases and are presented in Table F-26. Input values to generate these factors 
are: uptake time = 600 seconds (10 minutes), dose time = 2.209 x 10 9 seconds (70 
years), breathing rate = 333 cm 3 /s, particle size = 0.3 pm, dispersion = 1, distance 
= 1 m, activity per radionuclide = 1 Ci. 



TABLE F-26 
DOSE COKVERSION FACTORS FOR THE 70-YEAR DOSE 
COMMITMENT FROM AN A C K E  RELEASE VIA INHALATION 

m3/s 
Particle Size = 0 . 3  pm W 

Breathing Rate = 3.33 x 

3 rem-m 
Dose Conversion Factor (m) 

Class V 

Radionuclide Total Body Liver Bone 
2-PU 2.891 x lo3 3- 8.;75 x IO5 - -. -. 

*s*pu 3.432 x IO3 3.97: x 10' 9.971 x IO5 
240Pu 3.423 x lo3 3.968 x lo5 9.946 lo5 
a4'Pu 4.188 x lo1 5.733 x lo3  1 . 2 1  x 104 

2'2PU 3.305 x 10 3.830 x lo5  9.260 x ;05 
2.680 x lo3 4.107 x lo5 9.871 x lo5 141& 

Food Ingestion Pathway 

- Class Y * 
2.502 x lo5 

5 2.502 x 10 
4.389 x lo2 
2.408 x lo5 
2.683 x lo5 

R e  organ dose commitment is obtained in the same lanner as described in Section 
F.1.2.1. 
resuspension. 

Source terms are obtained as described fcr the inhalation pathway, excluding 
The dispersion factors are the same as for the inhalation pathway. 

The dose conversion factors are generated by the FOOD computer code for acute 
releases.and are presented in Table F-27. 
individual are used for all distances except 1.7 Riles. 
miles, intake values for the maximum individual are used. 
produced at the site of  interest is considered to continue over the 70 years. 
&cute release i s  considered to occur at the time just prior to harvest of each type 
o f  food, resulting in reaximlrln cmtamination o f  the plant or animal food products at 
the t h e  of consumption. 
and for unit dispersion for each radioriuclide. 
C.I. tract to the blood are those used by the EPA (EPA, 1977), as discussed in Section 

Intake values (Table F-4) for the average 
At the distance o f  1.2 

Consumption of food 
The 

Values of the dose conversion factors are for 1 Ci released 
The fractions transferred from the 

IF.  I .  2.1. 
I 

Water Ingestion Pathway I 
The organ dose commitment is obtained in the same manner as described i n  Section 

F.1.3.2 for airbcrne releases, modiLied as follows. 
the organs is given by the equaticn 

I The 70-year dose commitment to 

I 
Organ Dose (re=) = 6.03 x cW F~~ 
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TABLE p-27 
DOSE CONVERSION FACTORS FOR THE 70-YEPR DOSE 

COklE1ITXENT FOR AN ACUTE RELEASE V I A  FOOD INGESTION 

3 rem-m 

Bone 

3 6.3 s 10- 
3 6.3 s 10 
3 1.0 s 10 
3 5 .7  s 10 
4 6.1 s 10 

Dose Conversion Factor (-cr.r) for 

-- t.iver 
2 . 2  s IO 

Total Rot1 

231pu 1.8 x 10 
239Pu 2 . 1  s 10 I 2 . 5  s 10 

2.5 s 10 2.1 s 10 
241Pu 2 .8  1 . 7  s IO 
,42pu 2.1 s I@ 

5.0 s IOC -4- 
3 
3 
2 

4 

I --- 3 ---- -. Radi onuc%.fr 

1 240pu 

I 2 . 4  s 10 3 

2 4 1 h  1 . 7  x 10' 2 .6  s IO 

Average Intake 
Lungs 

-5 

* 
* 
* 
* 
* 

3 
Dose Conversion Factor (E?!!?-) f a r  Masimum Intake 1 1 ' s  

L u n c  
_I- 

Boric 
2 . 5  s 10 
3.1 s 10 1.2 s 10 

1.1 x 102 1 . 2  lo4 3 . 1  s 10 

7- .L 

4 
4 .L 

---- Liver 
5- 
4 

--- K!hdhpnuc 1 i de Tot a 1 .Bod\* 

2 
'JRPU 9.0 s 2 SO 1 . 1  s 10 

2"Pu 1.4 s 10 I R.7 s 10 2 5.3 s 10" 0 

24 t h  8 . 3  x 102 i.3 s 10 5 3.0 s lo5 %- 

3i 2 3 9 ~ ~  1 . 1  s 10 
240pu 

f 2 1 . 2  s 10'' 2 .9  s 10 4 242PU 1.c s IO 

W&'\.aTuT-iorthi3ose conversion factor i s  taken to be that for the t o t a l  body. 

where Cw '= concentration of the radionuclide in the water (pCi/P) obtained from 
eqi I t  ion 20 

F,, = d x t .  conversion fac tor  For water ingestion from acute releases 
(rem/pCi ) 

6.03 s = conversior, factor pCi/pCi) s 365 days s 1.65 P/day intake 
rate.  

Source terms are obtained from Table 3.2.3-1 in units of pCi, and the a c t ; v i t v  
is apportioned among the plutoniuin isotopes JS discussed i n  Section F.2.1.1. 
value for 2 4 ' A n ~  is  takvn to bc 20% of the plutonium alpha .activity. 

The 

The dispersion factor i s  calculated s, ,ecificdl Ip for  (;rea* Wester.. Reservoi? for 
downwind, Pasquill E conditions (xind spc*etl = 3.0 m/s) by the method presented i n  
Appendix R-2. The value of t h e  dispersion fac tor  t o  Great Kiestern Reservoir is b.63 
s 10" s / m 3 .  To consen'at ively est iotat t- the closes to  persons downwind from accidents,  
a l l  these people are assurrrd t o  drink W ~ C I  from Great Western Kescruoir. 
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The dose conversion factors are generated as follows. Assuming a one-year 
turnover rate of the water in the reservoir, all of the uptake of activity would 
occur in the first year. 
ingested in the year be ingested acutely at the time of the re.r.ase (at t = 0 ) .  
activity Y in the organ at tiffie t = 0 is then 

For simplicity and conservativism, let all the activity 
The 

Y = fl fi S I  ( 8 5 )  

where Y = activity in the organ at time t (pCi) 
SI  = activity ( p C i )  irgested at 'time t = 0 
f l  = transfer fraction from the G.I. tract to the blood 
f i  = transfer fraction from the blood to the organ of interest. 

For an exponential remov,,' from the organ w i t h  an effective removal constant A,, 

the activity in the organ at any time t after the intake is 

- A x t  
Y ( t )  = fl fi SI e (86) 

. .  

The integrated activity Q(t) in the orban IpCi-days) is obtained by integrating 
equation 86 

As in the disccssioi, of equation 17 in Section F . l - 3 . 1 ,  the organ dose is given 
by 

Organ Dose (rem) = 51.15 Q(t) (88 )  

Tbe dose conversion factor €or water ingestion from an acute release is given by 
substitution of equation 87 into equation 88 and dividing both sides of the resulting 
equation by S 

1. 

(89) 
c fifi - A x t  

Dose Conversion Factor (rem/,Li) = 51.15 - (1-e ). 
mXX - - _  Dose conversion factors for the plutonium isotopes. for 2 4 1 A m ,  and for the 

uranium and thorium isotopes, calculated from equation 89 for t = 25567.5 days 
(70  years) and using values from Table F-8, are presented in Table F-28. 
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TABLE F-2e 

.. 

Uadionuclide 
238Pu 
'39Pu 
'40Pu 
Z4'Pu 
242Pu 
Z4 l&,, 

2 3 4 ~  

2 3 5 ~  

2 3 6 ~  

Z 3 8 u  

Z31Th 
234Th 

DOSE CONVERSION FAJORS FOR THE 70-YEAR DOSE 
COHT.1TMENT FROM AN ACU:t. " E L M E  VIA WATER JNGESTION 

Dose Conversion Factor (rem) 
$1 

Total Body Liver Bone Lungs 
7.25 x IO-' 8.75 2.05 x 10' * 

1.14 x 7.03 x 4.18 x 10-1 * 
8.34 x 9.66 x 10" 2.33 * 
8.84 x 1.03 x 10' 2.48 x IO1 * 
4.85 10'~ * 3.36 x 9 

4.96  IO-^ * 3.36 x * 
4.53  IO-^ ;t 3.22 x IO" * 
2.03 x 3.51 x 6.19 x loa7 * 
2.11 x 10- 4.44 x 10-6 1.12 * 

8.66 x 1.00 2.51 * 
8.63 1.00 2.51 * 

5.17 * 3.51 x * 

&The value of the dose conversion factor is taken to be equal to that for the 
total body. 

e n d  Plane Irradiation 

\ .  

.<- 

.i 

The 70-year organ dose from radionuclides deposited on the ground from an acute 
release is given by 

(90) 
Organ Dose (rem) = 2.21 x 10 6 So (6) F 

where So = activity released (VCi) 
x/Q = dispersion factor (s/m 3 ) 

F = dose conversion factor for surface activity [(rem-m 2 )/(Ci.s)] 
2.21 x lo6 = 8.64 x IO4 s/d x 2.55675 x lo4 d x 0.001 m/s (The unit is m.) 

The values for the source term So are obtained as described for the inhalation 
pathway, excluding resuspension. 
inhalation pathway. 

The dispersion factors x/Q are the same as for the 
The dose conversion factors E are obtained from Table F-11. 

The derivation of equation 90 is as follows. The value of the surface 
activity G, (Ci/m 2 ) is given by 

J 
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Assuming no radioactive decay, the value of Ca is constant over 70 years so that 

the organ dose H,  obtained by integrating equation 91 overtime t and multiplyi3g by 
the dose conversion factor F .  is given by 

(32) 4 tI(rem) = 8.64 s 10 Ga F t. 

Solving for t = 2.55675 s IO" days (70 years) and Vd = 0.001 m/s yields equation 
90. 

The 7O-yedr organ dose from 2 * 1 ~  ingrow from 2'1Pu acutely released is given 
by 

1- 

i 

where (S ) i s  the dctivity (Ci) of thc p41Pu acutely released. The derivation of 
equation '33 is as follows. lhe rate  o f  ingrowth of 24*& from the "'Pu on the 
ground is given by equation 2 8 .  

O P  

dA f i =  a P. P 
(94) 

In the case for a single release of 241Pu at time t = 0 ,  the amount (mass) o f  
*"Pu at time t '  is governed only by the radioactive decay of the 241Pu, so that P is 
given by 

-1 t 
P = P0e P (95) 

2 where Po is the initial amount (g/nt ) o f  n41Pu on the surface of &he ground. 
tution of equation 9.5 into equation 94 and solving for A yields 

Substi- 

-A t 
A = Po (I-e p ). (96) 

Conversion from mass to activity. using the specific activities (3.42 Ci/g for 
24'Am and 103.5 Ci/g for L41Pu), yields 

-A t 
A (activity) = 3.30 x IO-* pea (1-e P (97 1 

2 

* P  

where Poa is the initial activity (Ci/ni ) of 24tPu on the surface of the ground and 
is equal to [(x/Q) Vd (So)p) where ( S  ) 

released. The organ dose H is obtdined by solving equation 33, using equation 97 for 
A (activity). 

is the activity (Ci) o f  the *"Pu acutely 

1 - l t  1 H = 2.85 x 103 (&) Yd(S,)p F (t + e - -1 
P AP ( 9 8 )  
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where the conversion factor F refers  to the factor for the ddughter ( 2 4 t ~ ~ ) .  Evalua- 
tion of equation 98 for * 4 1 ~ ,  using tPd = 0.001 m/s, A 

25567.5 d ( 7 0  years) yields equation 93. 
= 1 . 3 2 2  s d'l. .tnd t = P 

Sample Calculation 

Calculdte the 70-year dose conunitinent to d person 2 miles downwind from the 
maximum credible release froin an aircraft impact. 

Step 1. From Table 3.2.3-1 obtain the amount of activity released (7.3 s 10 6 
vci of plutonium dlphd activity). Apportion the activity among the 
isotopes of plutonium and for 2 4 1 & 1  and convert to the unit of Ci by 
niultiplying ' y  <:i/pCi. Multiply the activity for each radionuclide 
by 1.97 to include resuspension, plus ( 9 . 4  s 1 0 - j  s *"Pu activity) 
for 241t \m (this cdlculation is used only for the inhalation pathway). 

Step 2 .  For the inhalation pdthway, multiply the result from Step 1 by the 
dose conversion factor for each radionuclide from Table F-26. Sum 
values for a11 radionuclides. 

Step 3. For the food ingestion pathway. multiply the result from Step 1 (not 
including resuspension) by the dose conversion factor for each radio- 
nuclide front T d b l c  F-27. Sum ualues for a l l  radionuclides. 

Step 4 .  For the water ingestion pathway, calculate the radionuclide concentra- 
tion in the water using equation 20 and the ~alues for Great Western 
Reservoir. Equation 20 reduces to: Cw = 1.06 s 10'' So. Multiply 
the v a l u e s  (sith no resuspension) from Step 1 by 10 6 ( to  convert back 

to pCi) and by 1.06 s I O T 7  tc obtain Cw (pCi/P) for each radionuclide. 
Using equation 84, multiply each \.slue C ,  by 6 .03  s 
dose conversion factor for the corresponding radionuclide from Table 
F-28. Sum the result for all radionuclides. This sum. 0.00469 rem, 
i s  the bone dose (rem) from water ingestion. 

and by the 

, 
I 

/ 

Step 5. For ground plane irradiation, niultiply the result from Step 1 (not 
including resuspension) by 2.21 s 10 and by the value of the dose 
conversion factor for the corresponding radionuclide, obtained from 
Table F-11. Multiply the result from Step 1 (not including resuspen- 
sion) for z41Pu by 5.20 and by the value o f  the dose conversion factor 
€or 241Ani. Sum values for 311 radionuclides. 

6 

e- 

Step 6. Sum the results of Steps 2 ,  3, and 5. Obtain t h e  dispersion factor 
x/Q from Table R-2-3 for a distance of 2 miles. Multiply this valve /' 
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(1.63 x IO") by the sum of r h  resitlts of Steps 2 .  3 ,  and 5 .  
result. 3C6 rem. is the boi:. -lose (rem) from inhalation, food ingestion, 
and ground plane irradiation. 

This 

Step 7. Sum the results of Steps 4 and 6. This result, 306 rem, is the total 
bone dose. Round off to 2 significant figures to give 310 rem. 

Note that once this calculation is done for one type o f  accidenr resulting in an 
airborne release of plutonium, the bone dose f o r  any other accident releasing 
only airborne plctoniume is obtained simply by dividing this result by the value 
7 . 3  x 10 by then multiplying by the activity released from the other accident 
of interest. 

6 

This calculation is summarized in Table F-29. 

f.2.2.2 Criticality Accidents 

Criticality accidents release fission products as well as plutonium and americiuzn. 
The methodology for the two types of criticality accidents. the metal and the solution 
criticalities, is the same although dose conversion factors generated by DACRIN, FOOD 
and SUBDOSA codes are specific for each type. The pathways considered include plume 
shine as well as inhalation, food and water ingestion, and ground plane irradiation. 

-- Inhalation Pathway 

The organ dose via inhalation is given by the product of the source term, the 
dispersion factor, and the dose conversion factor (see equation 1 ) .  

The dispersion factors x/Q are obtained fro9 Table B-2-3 in Appendix 8-2. 

For the two types of criticality accidents. the organ dose is calcaulated for 
the composite inventory of the released radionmlides instead of for each radionuclide 
separately. The dose conversion factors are generated by the DACRIN compliter code as 
described in Section F.2.1.1, based on the source terms in Table 3 . 2 . 2 - 3  for the 
maximum credible metal criticality and in Table 3.2.2-4 for the maximum credible 
solution criticality. These dose conversion fsctors, for ail acute release, are 
presented in Table F-30. 

Food Ingestion Pathway 

The organ dose commitment is obtained in the same manner as described in Section 
F.1.2.1, that is, the product of the source term, dispersion factor, and the dose 
conversion factor. 
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TABLE F-30 
DOSE CONPEkSION FACTORS FOR THE 70-YEAR DOSE COWITHENT 
FROM ACUTE RELEASES FRO?! THE ?!AS l F l [ X  CREDI HLE XETAI. AXD 

SOLUTION C R I T I ( : A L I T Y  ACCIDENTS VIA  INHAIATION 

Hetal C r i t i c a l i t y  

Dose Conversion F a c t o r  S 

3 
( L'nl'XY - ) 

- L i v e r  Bone Lungs 
-2 
2 
2 

1 

3.83 s lo1 9.50 s 10 ' 8.58 s 10' 
3.81 s 101 9.49 s 10 7.25 s lo1 
3.80 s lo1 9.49 s 10 6.55 s 10' 
3.79 s 101 9.48 s 10 6.07 s lo1 

- - 
3.86 s ---T 10 9.43 s 10 1 . 1 2 s 1 0  
3.86 s lo1 9.185 s 10 1.08 s 10 

3.85 s 101 9.49 s 10 1.01 s 102 
3.85 s 10 9.49 s 10 l 9.79 s 10 

3.85 s lo1 9.47 s lb' 1.05 s 10 

D i s t .inc e 
- - (mi le?.) 

I .2 
2 
3 
4 
5 

10 
20 
30 
40 

Tot __ a1 B o 9  
1.78 
1.76 
1.74 
1.71 
1.68 
1.514 

1.35 
1.23 
1.14 

Th -oid -+ 7.53 s 10 

7.34 x 102 
7.12 s 10 2 
6.92 x 10' 

2 6.74 s 10 
6.00 s 10' 

2 5.07 s 10 
4.50 x 10' 

2 4.08 s 10 

Solut an Cri t i c a l i  t y  
rcnt - m 3 

Dose Conversion F a c t o r  ( s 

z 1.97 s 10 
4 2.16 x lo2 2.67 s 10 1.09 s 10 

7 4 7.09 s 10 3.12 s 10' 1.81 s 10 
2.02 s lo2 3.41 s 10 1.73 s 10" 
1.95 s 10' 3.59 s lo2 1.h6 s 10" 

4 1.66 s 10' 3.80 s 10 1.39 s 10 

9.82 s lo1 3.46 s lo2 9 . 4 4  s 10 
8.11 s 10 3.36 s 10 8 .40  s 10 

Liver  - Bonc --Lungs-- 
2.21 s 10 -2 2.17;-;0 

1.2s s 10 2 3.61 io2 1.10 10" 
3 
3 

Distance  
(miles) 
1.2 
2 
3 
4 
5 

10 
20 
30 
I. 2 

-^_- 
T o t  a 1 B o $  
3.23 s 10 
3.19 s 10' 

2 3.14 x 10 
3.08 s lo2 

2 3.02 s 10 
2.72 s lo2 

2 2.30 s 10 
2 2.03 s 10 
2 1.84 s 10 

5 1.62 s 10 
1.57 lo5 
1.52 s 10 5 

1.32 s 10 5 
1.12 s 10 5 
9.90 s 10 4 

5 1.48 s 10 

4 8.99 s 10 
I 

.- 
Values o f  the  source  terms a r e  obtained frotn T a b l r  3.2.2-3 for tho masimum 

c r e d i b l e  metal c r i t i c a l i t y  and front Table 3.2.2-4 f o r  t h r  masimum c r e d i b l e  s o l u t i o n  
cri t i c a i  i cy. 

The d i s p e r s i o n  f a c t o r s  x/Q a r e  obtained front Table R-2-3 in Appendis B-2. 

The dose convers ion f a c t o r s  a r e  gcnc.ratc.4 by t h e  FOOD computer code only for 
those  r a d i o n c c l i d e s  v h i r h  c o n t r i b u t e  s i g n i f i c . t n t l y  to  t h e  organ dose from food intake.  
The dose convers ion f a c t o r s  for plutoniuiii i r d  aitt*.ricium art- presented in  Table F-27 
and i n  Table F-31 for t h e  f i s s i o n  products o t  s i g n i f i c a n c e  for t h i s  pathway. 
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TABLE F-31 
DOSE CONVERSION FACTORS FOR TitE 70-YEAR DOSE COMHI7'tEST 

I FROM AN ACl'TE RELEASE FROM CRITICALlTY ACCIDENTS VlA FOOD INGESTION 

Radio 
nuclide 

8 2 B r  
131 1 
1321 

1331 

1 3 4  I 
1351 

Totdl -B_od 
4 . 3  x 10 f' 
7 . 8  x 101 
2 . 0  x 10-3 

8.2 
4 . 9  s 10'1 

4 . 8  

Total Roc 

3 1.2 s 10 

2 1.2 s 10 

1.1 s 10 ? 

4 . 9  s 10-2 

2 . 1  
1.2 s 101 

3 rem-m 
Dose Conversion Factor (CiT-) for Average Intake 
- 1.i -- ve  I r - -- Bone - LuEe- -* --TJYc!!i$ .__ 

1:t s 10 * 1.3 x lo2 f 4 . 4  s 10" 
5.3 2.9 10-3 J; 7 . 4  x 10-1 

* * -L 1.7 s 102 

* J; J -I_ 

3 * f * 3 .0  s 10 
f * .L 3.0 x 

3 rem-m 
Dose Conversion Factor (-E?) for !lasiinuiii Intake 
- - ~  Liver --- Bone - Lungs-- - ___ Thyr!,ict_ - 

J * 0 J; 

5 
1 

2 . 3  s 10 2.1 lo3 f 7 .0  x 10 
1.3 x 10-1 7 . 3  s * 1 .8  s 10 

J; it f 7.5  io4 
c f * 7.5 x 10-5 

3 
tz J; f 4.3 s 10 

, , *The valuF3TTf;edose conversion factor is taken to be equal to that for the 
total body. 

Based on the proposed guidance o f  the U.S.  Food and Drug Administration (USHEW, 
1978). the food affected by releases from a criticality accident I S  considered to be 
controlled if the dose from food ingestion is 1.5 rem o r  greater to the thyroid for 
maximum intake values and for the maximum individual (in this case, the infant male). 
The dose to the thyroid is, therefore, calculated for each distance for maximum 
intake values and is multiplied by the factor 5 . 7 6  (from Table 3 . 2 . 4 - 3 )  for the 
newborn male. The result of this calculation is compared to the 1.5 rem value to 
determine if the food would be controlled at that distance. If the calculated value 
is greater than or equal to 1.5 rem, the affected food would be controlled and no 
actual dose from the food pathway would be received. 
than 1.5 rem, the affected food would not be controlled. 
food pathway for that distance are then calculated using average intake values. 

- 

If the calculated value is less 
The organ doses from the 
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Water Ingestion Pathway 

Fcr the organ dose commitment from water ingestion. the only radionuclides of 
significance are some isotopes of iodine and 8ZBr. For these radionuclides radioactive 
decay is significant. The organ dose commitment i s  given by 

Organ Dose (rem) = 

where (Cw)o = concentration of the radionuclide (pCi/l) in the water at time 
t = 0 for an acute releare, obtained from equation 20 

= conversion factor (loa6 pCi/pCi) x 1.65 i?/d intake rate 
X = radioactive decay constant (d-’) 

1.65 x 
The values of the radioactive decay constant are presented in Table F-23, except for 
* j * I  ( A  = 1.92 d-l) and 82Br (A = 0.471 d-’). 

2 
The term ( l / A ~ l - e - ~ . ~ ’  lo A)(Cw)o represents the integrated water concentrz- 

tion over one year, in units of (pCi-d)/P, and is obtained by integrating the water 
concentration at :ime t, given by (Cw)o e -At . 

Other considerations are the same as those presented in Section F.2.2.1. For 
the halogens a value of 0.01 m/s is used for the deposition velocity vd when calcula- 
ting the value of (Cw)o. 

Values of the source term are obtained from Table 3.2.2-3 for the maximum credible 
metal criticality and from Table 3.2.2-3 for  the maximum credible solution criticality. 

6 These values are converted to units of pCi by multiplying by 10 . 
Dose conversion factors are calculated using equation 89 and values of parameters 

from Table F-22. These values are presented in Table F-32. 

3rou:id P1 ane Irradiation -- 

__- 

The organ dose from ground plane irradiation for an acute release is obtained 
for plutonium and americium as described in Section F.2.2.1. 
of  Ci, are obtained from Tables 3.2.2-3 and 3.2.24 for the maximum credible metal 
and solution criticalities, respectively. 

Source terms, in units 

For the isotopes of iodine (‘*Br is not significant for ground plane irradiation) 
for which radioactive decay is significant, the organ dose over time t is given by 
the equation 

Organ Ihse (rem) = 8.64 x 10 (100) 
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Radio- 
nuclide 

02Br 
1311 

1321 

1 3 3 1  

1 3 4 1  

1 3 S I  

TARrE F-32 
DOSE CONVERSION FACTORS FOR THE 70-YEAR DOSE COMITHENT 

FROM WATER INGESTION OF FISSION PRODUCTS FOR AN ACUTE RELEASE 

remod 
P I  

Dose Conversion Factor 
Total Body - Liver - Bone Lungs Thyroid 

3.53 8.07 2.32 10-3 * 1.93 
1.74 x 8.03 x 1.49 x * 6.97 x 
7.70 x 3.18 x 7.12 x * 5.20 x 10” 
5.62 lo5 2.58 lo4 5.57 105 * 3.26 x lo2 
3.83 x IO4 1.72 x lo3 3.62 x lo4 * 1.61 x 10’ 

2.47 10-3 -I * * * 

%The value o f  the dose conversion factor is taken to be equal to that for the 
total body. 

where So = activity (Ci) acutely released 

and the other parameters as they are defined in Section F.2.2.1. 
h = radios-tive decay constant (d-’) 

Derivation of equation 100 is as follows. The surface activity G(t) at time t 
after an acute release at time t=O ,  including radioactive decay, is given by 

where Go is the activity (Ci/m 2 ) on the surface at time t=O and is equal to So (x,/Q) Vd 
(see equation 91) .  
Substituting equation 101 for G in equation 26 and solving for H y?elds equation 100. 

The differential equation €or the organ dose is equation 33. . 

Equation 100 can be evaluated for the isotopes of iodine, using the Values vd = 
0.01 m/s, t = 25567.5 d (70 years), and the values of A presented in Table 23. 
valyes of the dose conversion factor are also obtained from Table F-23. 
the,dispersion factor are obtained from Table 8-2-3. 

The 
Values of 

Plume Shine Irradiation 

The 70-year organ dose commitment from plume shine is given by 

(6) FP Organ Dose (rem) = 

F-73 
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where F 
source terms in Table 3.2.2-3 for the maximum credible metal criticality or for the 
source terms in Table 3.2.2-6 for the maximum credible solution criticality. These 
dose conversion factors are presented in Table F-24. 
further discussion of these dose conversion factors. 

is the dose conversion factor for plume shine generated specifically for the 
P 

See Section F.2.1.5 for a 

The dispersion factors x/Q are obtained from Table B-2-3. 

Sample Calculation 

Calculate the 70-year thyroid h s e  commitment from the release from the maximum 
credible solution criticality accident to a person (reference man) 2 miles downwind. 

Step 1. The 70-year thyroid dose commitment for inhalation is obtained directly 
from Table F-30, for unit dispersion. 
(remem )/s. 

Obtain the 70-year thyroid dose commitment for food ingestion as 
follows. Multiply the activity (Ci) released from Table 3.2.2-4 by 
the value of the dose conversioi, factor for the corresponding radio- 
nuclide from Table F-31, for maxinwm intake and by 5.76, from Table 
3.2.4-3 for the newborn male. For the thyroid dose the contribution 
from plutonium and americium is negligible. Sum all products. 
Hultiply by the dispersion factor at 2 miles from Table 8-2-3 (x/Q = 
1.63 x s/m3). This result. 1.2 x 10 reit, is greater than 1.5 rem 
so the affected food would be controlled, and the dose from the food 
pathway would approximate zero. (If the result is less than 1.5 rem, 
the procedure is to multiDly the activity released by the value of the 
dose conversion factqr for the corresponding radionuclide for average 
intake, sum the values, and include the result in Step 6.) 

5 The desired value is 1.62 x 10 
3 

Step 2. 

4 

Step 3. Obtain the 70-year thyroid dose commitment for water ingestion as 
follows. 
(with x/Q 

tration C,. So. where the 
values of So are obtained from Table 3.2.2-4, converted to units of 
yCi by multiplying by lo6.) Evaluate equation 99 with the value o f  A 
given in Table F-23 or in the text accompanying equation 99. for each 
value of (Cw)o obtained from equation 20 and for the value of the dose 
conversion tac tor Fwa f rw.i Table F-32, for the corresponding radio- 
nuclide. Plutonium and americium contributions are neglegible. Sum 
the resulting values. 

Using equation 20 and the values for Great Western Reservoir 
6.63 s IOe7 s/m3), calculate the water radionuclide concen- 

6 (Equation 20 reduces :o Cw = 1.06 .y 10- 

I 
c 

Y . . "  
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Step 4 .  

Step 5. 

Step 6. 

Step 7. 

The thyroid dose from ground plane irradiation is obtained using 
equation 100 for each of the isotopes of  iodine. using the values t = 
25567.5 d (70 years), Vd = 0.01 m/s. Sa from Table 3.2.2-4. and A from 
Table F-23. and x/Q = 1 for unit dispersion. Sum the resulting values. 

The thyroid dose from plume shine irradiation is obtained from equation 
102. For unit dispersion, the value is given as a composite for all 
the radionuclides from Table F-24. The value at 2 miles is 9.005 x 
10 rem per unit x/Q. 4 

5 Sum the values from Steps 1, 2, 4 ,  and 5 .  This sum is 2.70 x 10 rem 
per unit dispersion. 
downwind from Table 8-2-3 (x/Q = 1.63 x lb"). 

Huitiply by the dispersion factor for 2 miles 
This result is 4 .40  rem. 

Add the results of Steps 3 and 6. The result ( 4 . 4  rem) is the 70-year 
thyroid dose commitment from the maximlrm credible solution criticality 
accident to reference man 2 miles downuind. with the affected food 
controlled at this distance. 

This calculation i s  tabulated i n  Table F-33. 

F.2.2.3 Xmpoundment Failure 

The postulaced imporndment fibilure involves a waterborne release of plutonium, 
americium. and uranium isotopes to Great Western Reservoir. The dose assessment, 
therefore, involves the determination of the 70-year dose commitment to persons 
drinking water supplied from Great Western Reservoir for one year following the 
re1 ease. 

The methodology used is described in Section F.2.1.3. with the following modifi- 
The release is considered to be an acute release with all released dctivity cations. 

deposited in Great Western Reservoir. 
87,000 p C i  of  plutonium, 82,000 pCi of americium, and 405,000 pCi of  uranium. 
ties of the plutonium and uranium are aoportioned amoung their isotopes as described 
in Section F.2.1.3. The radionuclide concentration Cv in the water is obtained frcm 
equation 71. where S, now refers to the activity (pCi) released acutely from each 
radionuclide. 

The released activity is postulated to be 
Activi- 
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F.2.3 Assessment of rhe Impact of the Haximum Credible Accident 

The impact of the maximum credible accident on irdividuals and populations are 
assessed in Section 3.2 .4 .2 .  
calculations. 

This scctior. prcsents the methodology used for those 

F.2.3.1 Dose to Persons Downwind 

T k  dose to persons downwiad and towards the southeast o f  the Plant is calculated 
88 described in Section F.2.2.1, except for che consideraticn of the dispersion 
factors. 
strck keiyh- which is equal to the difference in altitude betveen rhe Plant and the 
terrain to r:re southeast at the variocs distances. 
calculated for Pasquill stability class D, using the methodology presented in Appendix 
11-2. 

For this calculetion the dispersion factors are calculated using ?n effective 

Dispersion factors are also 

F.2.3.2 Dose to the Population Downwid 

The dose to the population downwind and southeast 7f the Plant is calculated by 
mulSiplying the dose to the perswr, obtained as described in Section F.2.3.1,  by the 
FDpulation in cach section, obtained fro4 Figure 2 . 2  ;-1 for the 1977 population anc! 
from Figure 2.3.3-2 for the projected year 2000 population. 
for ttie dlstsnce of the near edgp of the section is used for all persons in that 
se-t j on, 

The dis2ersion factor 

F.2.3.3 Impact on a Hypothetical High Densrty Population 

The population density for the sections 2 to 5 miles from the Plant is determined 
as described in Section F.l.5.4. 
in Section F.2 .3 .2 ,  using the population projected f o r  year 2000. 
are based on Pasquill stability class D because use of this class results in the 
hiehest population dose and is, therefore, mor3 conservative. 

The population dose is then determined as discussed 
Dispersion factors 

F.2.4 Age-Specific Dose from Acute Intakes 

The age-specific dose from an acute intake is obtained as a subset of the calcu- 
lation of the age-specific dose for chronic releases, described in Section F.1.5.1. 
AS for chranic intakes, the desired value i s  the ratio o f  the organ dose commitment 
for the person, who is exposed at an age younger than 20 or as an adult female, to 
the organ dose commitment for the person exposed as the adult reference man. "his 
ratio is determined for the inhalation and ingestion intake pathways.' The fatias for 
ground plane and plume shine irradiations are unity. 

. F-77 



\ - F.2.4.1 General Approach 

. I  The gecersl approach is that discussed for chronic intakes (Section F.1.5.1) 
with the following modification. In this case, only one intake is involved, and that 
intake occurs in the first year. Therefore, the dose to the organ is calculated for 
t8ch of the 70 years following that intake. The intake rate is the one for the age 
and gender of the person at the time of the intake. The organ mass is considered to 
change up to age 20 and to remain constant thereafter at the reference value for the 
8dul t . 

I 

F.2.4.2 Data for Age-Specific Intake Rate and Organ Mass 

/' 

, The va!ited of the intake rate and organ mass are obtained as discussed in Section 
F.1.5.1 and are presented in Table F-13 and F-14, respectively. In addition, the 
thyroid is included here for acute intakes. 
age is ottalned from Table 83 of ICRP 823. 
F-34. 
USHEW. 1978). 

The mass of the thyroid as a function of 
These values are presented in Table 

The relative thyroid uptake* of iodine for the newborn is 2.33 (derived from 
. -  - 

F.2 .4 .3  Inhalation Pathway 

The dose to the lungs is obtained using equation 36 where Br refers to the 
breathing r.tte at the age and gender at the acute intake. 

the number of calculations necessary to reach age 20, set t2 equal to 25567.5 days 
(70 years) and do one final calculation. 
lung dose for the adult reference male and female can be accomplished in a single 
calculation. 
ingestion pathway.) 
the age-specific value €or the adult reference man to obtain the desired ratio. 
dose to the other organs is obtained using equation 38 and following the same procedure. 

One either can do the 70 
------ calculations using equation 36 or can use the following simplification. After doing 

Using this simplification, the age-specific 

(This simplification also can be used for other organs and for the 
Results of all the calculations are sumrued and then divided by 

The 

F.2.4.4 Ingestion Pathway 
R I 

I 'L 

The organ dose from an acute ingestion is obtained using equation 51 where SI 
refers to the intake rate for that gender at the age of the acute intake. 
dure is the same as described in Section F.2.4.3 for the inhalation pathway. 

The proce- 

P.2.4.5 Sample Calculation of Age-Specific Organ Dose From Acute Exposure 

'i 

5 

Calculate the age-specific bone dose ratio for the newborn and 10-year-old males 
resulting from acute ingestion of 239~u. 

m e  reference does not make clear if this increased uptake is from the G.I. 
tract to the blood fL, or from the blood to the thryoid fi. 
equivalent to use eiLher factor, so fl is used here. 

It is mathematically 
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TABLE F-34 
AGE-SPECIFIC HASS OF THE THYROID 

Age 
t Years ) 
Birth 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

Adult 

Thyroid Mass (g) 
Fema I e kale - - 

1.0 . 1.1 
1.8 
1.8 
2.6 
2 .6  
4 .6  
4 .6  
4 .6  
4 .6  
4 . 6  

10.2 
10.2 
10.2 
10.2 
10.2 
14.0 
14.0 
14.0 
14.0 
14.0 
20.0 

*Value is taken to be equal to that €or the male. 

2.1 
2.1 
2.5 
2.5 
4 .9  
4 .9  
4 . 9  
4 . 9  
4 . 9  

(10.2)* 
(10.2)* 
t10.2)* 
(10.2)* 
t10.2)* 
12.4 
12.4 
12.4 
12.4 
12.4 
17.0 

Step 1. Calculate the relative 70-year bone dose commitment to reference man 
following an acute ingestion as follows. 
Section F.f.5.1 as illustrated in Step 1 of the associated sample 
calculation, calculate the relative bone dose for 70 years remaining. 
As shown in Table F-17 this value is 2.33 x 

Using the methodology of 

Step 2 .  Calculate the relative 70-year bone dose commitment to the individual 
following an acute ingestion, when that individual is newborn as 
follows. Using methodology of Section F.1.5.1 as illustrated in Step 
2a of the associated sample calculation, calculate the relative bone 
dose for 70 years after an acute ingestion as a newborn. As shown in 
Table F-17 this value is 5.57 x lo-’. 
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Step 3. Calculate the relative 70-year bone dose commitment to the individual 
following an acute ingestion, when that individual is 10 years old, as 
follows. Using the methodology of Section F.1.5.1 as illustrated in 
Step 2b of the associated sample calculation, calculate the relative 
bone dose for 70 years after an acute ingestion as a 10 year old as 
partially illustrated in Table F-17. Column 11 of that table shows 
the 60 year dose commitment. Ten years are added to the final entry 
of that column by evaluating equation 51 using the ingestion rate for 
age 10,  the organ mass for reference man, the effective removal rate 
constant for 239Pu from bone, tl = 10 x 365.25 d. and t2 = 70 x 365.25 d. 
The result of this calculation replaces the last entry of that column. 
Sum the values in this column. 

Step 4 .  Calculate the desired ratios as follows. 
a. For the newborn divide the result of Step 2 by the result of 

Step 1. 
For the 10-year-old divide the result of Step 3 by the result of 
Step 1. 

b. 

The results of these calculations are tabulated in Table F-35. 

-- 
,' 
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TABLE F-35 
TABULATIOX OF SAMPLE CALCULATION OF 

AGE-SPECIFIC BONE W S E  TOR ACUTE INCESTION 

Tabulation for Step 1. 

Tabulation for Step-2. 

From the total o f  Column 1 of the tabulation o f  Step 2, Table F-17, the relative 
IO-year bone dose commitment to newborn is 5.57 x 10-l. 

i 
/ 

Tabulation for Step 3. 

The relative 70-year bone dose commitment to 10 year old: 

Dose Year 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

20-70 
Total 

Tabulation for Step 4 .  

For desired ratios: 

Exposure Number 
11 

8.86 x lo4 
8.10 10-4 
6.12 
4.67 
3.77 10-4 
3.52 
3.34 10-4 
3.18 
3.02 
2.94 
1.42 x 
1.90 x 10'' 

1 5.57 x 10-1 = 23.9 g.  For the newborn male: 

b. For the 10-year old male: 1$ t 6.815 

2.33 x 

2.33 x 10 

F-81 

- . 



F. 

i 
i 
1 

/’ 

/’ 

/’ 

I ’  

5 Dose to Persons 
Past Releases 

iving on Soil Containing Radionuclide Deposited from 

The dose to persons living on soil containing radionuclides deposited from past 
releases is assessed for inhalatiorr of resuspended radionuclides, ingestion Of food 
grown on the soil, ingestion of some of the soil, and irradiation by the radionuclides 
on the ground. wgan dose received by persons 
living continuously for 70 years on soil with a surface Concentration of 0.003 to 
0.01 pCi/m . These surface concentrations correspoi:d to the contours identified by 
Krey (Krey and Hardy, 1970) for off-site soil contamination (see Figure 2.3.9-1). 

An assessment is made of the 7 0 - ) . .  

2 

F.2.5.1 Inhalation of Resuspended Radionuclides 

The 70-year organ dose resulting from inhalation of resuspended radionuclides is 
given by 

Organ Dose (rem) = 2;21 x lo3 k G Fl (103 1 

2 
where G = radionuclide concentration (pCi/m ) on the surface of the soil 

k = resuspension factor 
= dose conversion factor (rern.m3/Ci.s) for inhalation 

2.21 x 1;’ = Ci/pCi x 70 yr x 3.156 x lo7 s/yr 

The radionuclide concentration G pertains to the surface concentration of the 
radionuclide after site preparation and land development for construction o f  the 
person’s residence, since it is reasonably assumed that the person is not going to be 
dwelling in a teepee on undisturbed and undeveloped soil for the 70 years. Following 
the approach of the Colorado Department of Health (CDH, 1976), a reduction by a 
factor of 10 in the amount of the radionuclides available for resuspension is con- 
sidered to result from site preparation and development. 

The val.=.e of G is obtained by apportioning the initial surface concentration 
among the isotopes of platonium as described in Section F.2.1.1. 
of *“Am is taken to be 2 0 I o f  the initial plutonium alpha activity, representine a 
conservative approximation of the maximum ingrowth of the *‘*Am from 2 4 * P u .  The 
values are also divided by the factor of 10, resulting from site preparation and 
development. 

The initial activity 

The value of resuspension factor k is taken to be 10’’ m- Following the 

approach of the Colorado Department of Health (CDH, 1976), the value of 10’’ m- 
undisturbed contaminated soil is increased by a factor of 100 to adjust for conditions 
where local disturbances are routine and frequent. 

for 

The valire of the dose conversion factor TI is obtained frcm Table F-1. 
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F.2.5.2 Ingestion of Food Growh on Soil Containing Radionuclides 

The 70-year organ dose resulting from the ingestion of food grown on soil 
containing radionuclides is given by 

Organ Dose (rem) = 10- 6 C Fc (104) 

where F, = dose conversion factor [(rem-m 2 )/Ci] for ingestion of food grown 
03 soil containing radionuclides 

conversion factor ci/yci). 
G = radionuclide concentration (pCi/m 2 ) on the surface of the soil 

The value of G is obtained as described in Section F.2.5.1. 

.-. The values of the dose conversion factor Fc are generated by the PABLM computer 
code for 70 years of food consumption for the average individual. 
for a discussion of inputs to this code. 
presented in Table F-36. 

See Section F.1.2.1 
Values of the dose conversion factors are 

, 

TABLE F-36 
DOSE CONVERSION FACTORS FOR THE 70-YEAR ORGAN 

DOSE FROH INGESTION OF FOOD GROWN ON SOIL 
WITH A SURFACE CONCENTRATICN OF 1 Ci/m2 

1 Dose Conversion Factor 

Liver Bone Lungs Radionuclide 
2sePU mo 4 . 0  x 8.3 x * * '39Pu 4 . 0  x 10"l 5.0 x 1.1 x 10-8 
Z'OPU 4 . 0  x lo-'' 5.0 x 1.1 x 10-8 * 
242Pu 2.6  x 1.7 x 10-l' 9.7 x 10-10 * 
2'2PU 3.7 1 0 - l ~  5.0 10-9 1.1 x * 

3.2  x 10-l' 5 . 1  x 1.1 * 2 4 l h  

-he value of the dose conversion factor i s  taken to be equal to that for the 
total body. 

F.2.5.3 Ingestion of Soil Containing Radionuclides 

_ _ _ -  

The 70-year organ dose resulting from ingestion o f  soil containing radionuclides 
is given by 

Organ DQse (rem) = I, R F, (1051 

where Is = rate of  soil ingestion (g/d) 
R = activity of the radionuclide per gram o f  soil (pCi/g) 
F, = dose conversion factor for direct radionuclide i,ngestion [(ren-d)/pCi]. 
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The rate of soil ingestion is taken to be the one gram per day throughout the 70 
year period following the approach of  the Colorado Pepartaent of Health (CDH, 1976). 
This is probably a very conservative assumption, although the deliberate ingestion of 
.oil can occur for young children (Healy, 1977). The EPA (EPA, 1977) considers that 

"for this pathway to be as significant as the inhalation pathway, extreme 
a~sunptions of soil consumption rates would be required . . . I '  

The activity of the radionuclide per gram of soil R is obtained by considering 
that 2 disintegrations per minute (d/a) per gram of soil for alpha-emitting plutonium 

pram converts to 9.01 x 

isotopes of plutonium and to 2 r 1 A m  as described in Section F.2.1.1. 

is equivalent to a surface activity of 0.01 pCi/a 2 (CDH, 1976). 

surface activity other than 0.01 vCi/m 2 , the activity i s  multiplied by the ratio of 
the desired surface concentration to 0.01 pCi/m 2 . 

The value 2 d/m per 
pCi/g soil.' This activity is apportioned among the 

For values of 

The values of the dose conversion factor 7, are obtained from Table F-8. Although 
these factors are derived for water ingestion, they are also valid for the direct 
ingestion of the radionuclides in food or in any other ingestion medium. 

F.2.5.4 Ground Plane Irradiation 

The 70-year organ dose from ground plane irradiation is given by 

2 Organ Dose (rea) = 7.36 x 10 G F 

where G = radionuclide concentretion (pC!/m 2 ) on the surface of the soil 
F = dose conversion factor [ (rem*m2)/(Ci.s)] 

7.36 x 10' = Ci/yCi x 2.55675 x lo4 d x 8.64 x lo4 s/d)(1/3). 

The values of the dose conversion factor F are obtained from Table F-11 

No further ingrowth of r 4 ~ A m ,  is included, since the value apportioned to the 
z41Am already represents a m a x i m u m  activity from ingrowth. 

I 

an average individual might be outdoors and exposed to the ground only 8 hours per 
day. A factor of 1/3 is, therefore, included in equation 106. 

I 
The ground plane irradiation is considered to occur for 8 hours per day, sfnce 

F.2.5.5 Sample Calculation 

Calculate the 70-year bone dose to a person dwelling continuously for 70 years 
on soil with a surface concentration of 0.01 pCi/m 2 plutonium. 

.-- 
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Step 1. 

Step 2. 

For the dose from inhalation of resuspended radionuclides, apportion 
the activity among tht. isotopes of plutonium as described in Section 
F.2.1.1. Divide 
the value for each radionuclide by 10 for site preparation and multiply 
by a resuspension factor of by 2.21  x 10 (from equation 103) 
and by the value of the dose conversion factor, from Table F-1, for 
corresponding radionuclides. Sum all results. 

For the dose from ingesting food grown on the soil, multiply the 
apportioned activity (from Step 1) by 
dose conversion factor, from Table F-35, for corresponding radionuclides. 
Sum all results. 

The activity of *‘*Am is 20% or 2.0  x G3 pCi/m2. 

3 

and by the value of the 

Step 3. For the dose from ingesting soil directly, the value 9.01 x 10” 

of 0.01 pCi/m . 
in Section F.2.1.1. hltiply by 1 g/d and try the value of the dose 
conversion factor, from Table F-8, for corresponding radionuclides. 
Sum all results. 

1- pCi/g is the activity par gram of soil for the surface concentration 
2 Apportion this value among the isotopes as described 

Step 4 .  For the dose from ground plane irradiation, multiply the value of the 

value of the dose conversion factor, from Table F-11, for corresponding 
radionuclides. Sum all results. 

apportioned suface concentration (pCi/m 2 ) by 7.37 x 10 2 and by the 

Step 5. Sum the results from Steps 1 through 4 .  This sum, 0.26 rem, is the 
total 70-year bone dose from dwelling continuously ( 8  hours per day) 
for 70 years on soil containing 0.01 pCi/m 2 plutonium. 

The results of this sample calculation are tabulated in Table F-37. 

, 
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P.3 DosirPetry for Transportation 

Normal operation o f  the transportation associated with Rocky Flats will result 
in direct radiation exposure to some individuals, but no release o f  beryllium (a 
nonradioactive material) or any radioactive isotopes into the enviroment. 
are expected should an accident occur, however. 
from accidents is calculated for truck transport, air transpart. rail transport and 
the connecting delivery vehicle transport. 

Releases 
The expected yearly release rate 

F.3.1 Nonradiological Effects 

An atmospheric dispersion calculation is used to determine the maximum air 
concentration that would result from a beryllium shipment accident. For the air 
concentration, a comparison is made with established standards. Beryllium metal 
shipments can result in environmental releases if fires result in oxidation of the 
beryllium. 
some of the beryllium would be oxidized. The oxidation formed on beryllium at tempera- 
tures above 1472'F is in a dispersible form; that formed at temperatures below 1472OF 
stays strongly attached to the metal and is not readily dxspersible. Since the exact 
temperature history of a fire that could result in an accident is not known, a conser- 
vative assumption is made that a transport fire results in all of the beryllium 
becoming completely oxidized in a dispersible form. 

In conditions where a gasoline fire may be involved, it is possible that 

An intense fire such as is assumed in this accident would create an updraft 
which would carry the beryllius oxide aloft and have the effect of releasing it from 
an appreciable height. A release height of 100 meters is assumed. 

As in other accident calculations in this document, neteorological conditions of 
Pasquill stability class E and a wind speed of 3.0 meters per second ate assumed (see 
Section F.2.1.1 for further discussion). 

Using equation 107 (derived from Turner, 14701, which properly accounts fcr an 
elevated plume 
is 1.82 x 

where x = 
Q =  

u =  Y 
= 

I r =  

H =  
z =  

release, the maximum x/Q is determined by trial and error. 
sec/m3 at a distance of 3.55 miles. 

The result 

3 air concentration of plume (Ci/m ) 
source tern (Ci/sec) 
calculated as outlined in appendix 8-2 
calculated as outlined in appendix 8-2 
wind velocity (m/sec) 
height o f  receptor above ground (taken as 0 meters) 
height of plume release (m) 
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The mount o f  beryllium carried in a Rocky Flats weapon shipment is reasonably 
assumed to be 150 grams in this calculation. 
the fire and released over a period of time. 
several hour period, a conservative value of one hour was assumed. 
shws the air concentration calculation. 

This w u n t  of berylliun is oxidized in 
Although this would probably be over a 

Equation 108 

[ 1 5 0 ~  t (60 afn 60 1.82 x * = 7.58 x lo4 f (lo8) 
7 IR 

F.3.2 Radiological Effects 

Four modes of transportation associated with Rocky Flats are considered in this 
analysis: transport truck, delivery vehicle, air cargo plane, and rail. Transport 
truck is responsible for the majority of the transportation entering and leaving the 
Plant. Although a large portion of this truck transportation utilizes DOE-owned 
Safe Secure Trailers, which have inherent safety features, the conservative assumption 
is made that all transport truck shipments are via cormercial carriers. All shipments 
are made in appropriate DOT-approved containers, however. 

Delivery vehicle shipments connect from the airport at either end of the shipment 
to the origin or destination facility. 
vehicles, but for the impact assessment a commercial delivery vehicle is assumed. A 
delivery vehicle shipment is assumed to take place at each end o f  the air cargo 
shipment. 
reduced by a factor of two, however, to more accurately describe the security pre- 
cautions taken with these shipments. 

Again, these trucks are usually DOE-owned 

The incidence of delivery vehicle stops and storage of the packages is 

No radioactive materials are shipped to or froe Rocky Flats via passenger carrying 
airlines. All air shipments are made via commercial cargo aircraft. 

Rail shipments of radioactive materials associated with Rocky Flats are all made 
_. 

via Government owned ATHX rail cars. 
container as outlined in the Safety Analysis Report for Packaging (Adcock, 1974). 
These cars are, however, treated as standard rail :ars by the rail companies. No 
special treatment of these cars is assumed. 

These cars act as a large type B shipping 

F.3.2.1 Normal Operations 

By making the often conservativa assumption that all Rocky Flats shirments are 
made by commercia2 carrier, it is possible to use the methodology and tracsportation 
parameters given in the NRC document entitled "Final Environmental Statement 08 the 

report doc*ments a methodology for assessing the risk dose to the U.S. population 
I 1 Transportation o f  Radioactive Material by Air and Other Hodes" (USNRC.1977). This 

; from various portions of the transportation cycle. The population dose resulting . , 
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from normal operation and accidents of transportation associatad with  ROC^ Flats is 
expected to be spread more or less evenly across the United States, rather then being 
limited to the Denver area. 
different aspects of the transportation process. The doses assessed in this analysis 
are : 

The U.S. population is expected to receive doses f r w  

1) 
2)  
3 )  
4 )  
5) 

6) 

7 )  

dose to persons surrcunding the transport link while the ship-nt is wving, 
dose to persons surrounding the transport vehicle while it is stopped. 
dose to warehouse personnel while the shipment is in storage, 
dose to crewmen operating the transport vehicle, 
dose to persons in vehicles sharing the transport link with the shipment 
and moving in the opposite direction, 
dose to persons in vehicles shrring the transport link with the shipment 
and moving in the same direction, and 
dose to package handlers moving a shipment between transportation mdes. 

In addition to the methodology, the NRC document gives parameters for each shipping 
mode dealing with speeds, distances, and times spent by vehicles in rural, suburban, 
and urban transportation environments. For derivations of the equations and explana- 
tions o f  the source of the parameters, the reader is referred to the NRC document. 

Equations for determination of the dose from each portion of tne transport cycle 
are given in Table F-38 (equations 109 thru 116). 
each o f  the transportation modes. 
tions for some of the transportation modes, however. In the air transportation 
analysis, only equations 110, 112, and 116 are used because of the large separation 
distance between the moving aircraft and any surrounding population. 
applicable only to the movement of  air cargo from the air transport mode to the 
delivery vehicle transport mode. 
a i r  transport mode, and any dose obtzlned during storage tine has been creditcd to 
the delivery vehicle transport mode. 

Equations 109 thru 115 apply to 
Several equations incorporate parameter svbstitu- 

Equation 116 is 

Any dose to the handlers has been credited to the 

Farameters used in equations 109 thru 116 are given in Table F-39. All o f  these 
parameters except K, SPY, FUPS, and P come from the NRC document. 
equation 11 assuming the DOT limit of 10 mr-r at 6 feet from the exclusive use 
vehicle. 

K is derived from 

o(d) = .*- 
d 

where D(d) = dose rate at a distance d (mreta/hr) 
d = distance from source (ft) 
p = absorption coefficient for air (0.00118 ft-') 

B(d) = Bergtr buildup factor in air, where in this case B(d) 0.0006d + 1 
(dh~en8ionlcss) 

(117) 

X = dose rate factor 2 
(lares- ft /hr) 
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for Alr :  K = KO TIS 
for P l i v e r y  Vehicle: SPY = SPY12 

DStore = Q3 * K SPY ''store "store 

leave for Dellvery Vehicle: K - KO TIS 
SPY = SPY12 

leave fo; Truck: 
leave for Delivery Vehicle: 

K = 2 

1cbvc for Air: K - KO -TIS 

Q, k SPY FnPS P Fopp 
OOPP 

D,,, Q6 9 K SPY FMPS P F,, 

TIS SPY Dhandler 

*kc Table F-39 for  definition o f  variables 

(111) 

(112) 

(115) 

(116) 
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/ 

Dose from the aircraft transportation mode is assessed using KO and TIS. 
sidered that the external dose rate of cargo aircraft is Pore reasonably described by 
the transport index limit than by any measured external dose rate limit. 
of shipments per year SPY is found in'bection 3.3.1.1. 
shipment FHPS is found by taking the total radioactive transport mileage divided by 
the SPY for that transport mode. P values vert obtained from studies quoted by the 
Colorado State Highway Department and Amtrack. 
shown in Table F-40. 

1: i s  COW 

The number 
The average dist,urce Fer 

The results of these calculations art 

To calculate the health effects o f  this external exposure to the population, the 

Using the health effect risk estimates of rdble 
conservative assumption is made that all the organ< o f  the body cre exposed to :he 
same level as the extenlal exposure. 
3.1.2-10 the maximum health effect estimate is calculated in equations 118 thru 122. 
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TABLE F-39 
VALUES OF PARAMETERS USED FOR NORMAL TRANSPORTATION DOSE ASSESSMENT 

Transport 
Truck 

9.81 x 10-l' 
C0t.s tant 3.47 x 10-16 

Constant 2.77 10-9 
Constant 10-3 
Cons tan t 1.89 10-7 
Cons tan t 3.79 10-7 

Cons tan t 

Cons tan t - 
dose rate factor 
(based on 10 
mrem/hr @ 6 ft) 361 

Delivery 
Vehicle - Ai r 

3.47 x 10-10 - 
2.77 - 
1.89 10-7. - 
3.79 10-7 - 

9.81 x 10-l' 9.81 x 10-l' 

10-3 10-3 

- 2.5 x lo-' 

Rail Unit 
3.47 x (mi2.rem)/(ft2*mrem)* 
9.8 x 10-l' (rememi 2 )/(mrewft 2 *  ) 
2.77 x lo-' (remekm 2 )/(mrem*ft 2 *  

1.89 x loe7 (rem-mi)/(mrem-ft) 
3.79 x (rem-mi)/(mrem-ft)* 

10 -3 rem- mrem 

- (person-rem-hr)/mrem* 

Ql 
Q2 
Q3 
Q4 
Q5 

47 
Q6 

K 

/- 

(mrem-ft 2 )/hr 361 

- ft2 

361 - 
KO dose rate factor 

f, fraction of distance 

f, fraction of distance 

fu fraction of distance 

PDr population density 

PD, population density 

PD,, population density 

Vr avg. velocity 

(for type B package) - 
in rural 0.9 

in suburban 0.05 

in urban 0.05 

(rural) 16 

(suburban) 1862 

(urban) 10000 

(rural ) 55 

16 

0 

0.6 

0.4  

16 

1862 

10000 

55 

16 

. 0.9 unit 1 e s s 

0.05 unitless 

0.05 uni tless 

2 16 persons/mi 

- 
16 

1862 

10000 

1862 persons/mi 2 * /  

10000 persons/mi 2 

40 mi/hr - 
. velocity 
suburban) 25 25 vs "$ - 25 mior i 

4 
i 

15 mi/hr 1 
f 

! 
1.0 unit less 

Vu avg. velocity 

f0 fraction of urban 

fl fraction of urban 

SPY shipments per 

FUPS avg. distance per 

ATr total stop time 

ATs total stop time 

ATu total stop time 

(urban) 15 

trayel on freeway 
or lane roads 0.95 

travel on city 
streets 0.05 

year 500 

shipment 1068 

in rural 2.0 

in suburban 5.0 

in urban 1.0 

15 

0 . 3  

0.0 unitless 
1 

0.7 

400 

25 

0.0 

0.0 

0.5 

200 100 shipment/yr 

i . '  1497 ai/shipment t t  

24 br/shipment 0 .o 
1.0 

0.0 
i . 

*Constants include additional unit.less factors from derivation. 
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Transport 
Truck 

TIS total TI per 
shipment - 

ATstore storage time per 
shipment 2.0 

PD population density 

Nc number of crew 

ATship avg. time per 

IJ absorbtion coeff 

d distance 

B(d) Berger buildup 

P persons per 

store in warehouse 900 

per shipment 2.0 

shipment 23.17 

for air 0.00118 

from source - 
factor - 
vehicle 2.49 

average time of - 
PD population density 

N', vehicle count 

N', vehicle count 

N e U  vehicle courit 

1 Opp exposure distance 

I zzp exposure distance 
1- ggp exposure distance 

I same exposure distance 

I exposure distance 

I gy exposure distance 

f,h fraction of distance 
in rush hour 
trsf fic 0.08 

fn fractioq of distance 
in normal 
traffic 0.92 

stop around stop - 
in rural 470 

in suburban 780 

in urban 2800 

f~ integral 0.029 

integral 0.048 

integral 0.15 

fvy integral 0.008 

integral 0.031 

integral 0.097 

Delivery 
Vehicle 

50 

--- 

2 

900 

2.0 

1.27 

0.00118 

7.0 

1.042 

2.49 

- 
- 

470 

780 

2800 

0.029 

0.048 

0.15 

0.008 

0.031 

0.097 

0.08 

0.92 

A i r  

50 

- 
- 
3.0 

2.0 

0.00118 

20.0 

1.012 

- 
1.0 

720 

- 
- 
- 
0 

- 
- 
- 
- 
- 
- 
- 
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Rail 

- 
24 

25 

5.0 

39.4 

0.00118 

500 

1.300 

26.3 

- 
- 

1.21 

1.2; 

1.21 

0.15 

0.15 

0.15 

0.097 

0.097 

0.097 

0.0 

1.0 

Unit 

8rcq/( hr- shipment) 
/ 

Ar/shipment 

2 perso- 

person 

hr/shipment 

ft-1 

ft 

unitless 

person/vehiclc 

hr 

personm' 

vehiclefir 

vehiclefir 

vehiclefir 

ft-1 

ft-1 

ft'l 

ft-1 

ft-1 

ft-1 

unitless 

unitless 
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Transport Delivery 
Truck Vehicle Air Rai 1 Unit 

fa fraction of distance 

fcs fr8ction of distance 

fhry fraction of distance 

/ on 4-lane 
rtreets 0.1 0.05 - 0.0 unitless 

on city streets 0.05 0.65 * 1.0 unitless 

on freeways 0.85 0.25 - 0.0 unitless 

(118) 
69.55 man-rewyr 70 yr 2.0 x ppan-rem cancer to total bzd; 9.7 x 10-1 cancer mortalities 

(119) 
69.55 man-rewyr 70 yr 2.0 x loe6 cancer luortality = 1 x IO-* cancer mortalities man-rem to liver 

(120) 
69.55 man-rewyr 70 yr 6.0 x cancer = 3 x cancer mortalities man-rem to bone 

(121) 
69.55 man-rem/yr 70 yr 4.0 x cancer = 2.0 x IO-' cancer mortalities 

man-rem to lungs 

__- - 

-_ 

1.2 cancer mortalities Total 

-4 defect& - 1.5 genetic defects (122) 69.55 man-rem/yr * 70 yr - 3.0 x IOman+ dY- 

TABLE F-40 
DOSE TO POPULATION GROUPS FROM N O W L  OPERATIONS 

(man. rem/yr) 

Rail Population Group Truck Delivery+ Air - 
Off-link pop. while moving 2.56 0.54 - 0.70 

0.35 0.29 0.01 
0.80 
2.03 2.37 0.02 

Surrounding pop. while stopped 3.42 
Warehouse personnel during storage 0.90 
Crew while shipping 46.34 

2.50- 0.06 

On link pop. while mving** 3.48 3.09 - 0.09 
opposite direction (1.85) (1.37) - (0.04) 
same direction (1.63) (1.72) A (0.05) 

6.81 5.16 0.88 Total 56.70 

Total 
3.80 
4.07 
4.26 
50.76 
6.66 
(3.26) 
(3.40) 
69.55 

*Delivery vehicle from airport to destination. 
+*Totel of same and opposite direction. 
***Handler dose from transfer between air and delivery vehicle transport modes, 

any storage is credited to delivery vehicle transport mode. 
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The values for the U.S. population background dose to the organ of interest are 
derived from the same source as the background organ dose for the Iienver area popula- 
tion. 
population figure comes from the World Almanac (1978) and is taken as 216,817,000 
persons on July 1, 1977. 

NCRP #45 (Table 4 4 )  supplies the individual yearly organ dose. The U.S. 

"be maximum individual dose is assessed for several situations associated with 
Rocky Flats transportation. The first individual considerrd is someone who lives 
near the entrance to the Plant and resides 3Or meters (100 ft) from the road along 
which all Rocky Flats transport truck shipments pass, going into and out of the 
Plant. 
for K=l, V=l , and ~ ~ 1 0 0  ft 

The dose is calculated using equations 123 and 124. Equation 123 is evaluated 

where r = integration variable 
x = distance from source at closest point 

all other = (see Table F39) 

(123) 

by use of a graph (Figure D-1) in the NRC document. 
Correcting Cor K and V and assuming 500 truck passages per year for 70 yearo, equation 
125 gives the 70 year dose. 

This value is 3 x loa6 mrem. 

3 x 361 I 4.37 WSll 500 truck passage 70 y-r = 1.53 r e m  
truck passage Yr (125) 

' To evaluate the dose to the individual that would follow a Rocky Flats transport 
Assuming an average following truck along the public roadways, equation 126 is used. 

distance of 30 meters, 

D(d) I K-, 
d 

(126) 

ap. zvcrage shipment period of 23.17 hours, and a buildup factor as calculated by 
equation 127; the dose to that individual from one shipment is calculated in equation 
127. 

3.52 x lo'* q 23.17 hr - 0.82 men (128) 
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e to truck dr-fers is ca-xlated assum-Jg the D-T limit of 2 mrem per 
hour at the drivers compartment, 23.17 hour average shipment time, and 30 shipments 
per year for one driver. Equation 129 shows this calculation: 

Delivery vehicle driver dose is calculated i n  the $are way assuming 1.27 hours per 
8hipment and one driver taking all the delivery vehicle shipments at the Rocky Flats 
P l a t  A-.t an entire year. 

- 
This calculation is shown in equation 130. 

In this analysis transportation korktrs are considered to be the individuals 
receiving dose from the warehouse and the crew categories of Table F40. 

F.3.2.2 Accidental. Releases 

Population Risk Dose 

In this assessment a risk dose to the United State population is detewined. 
The U.S. population is again considered, rather than the population surrounding the 
Rocky Flats Plant, because 8ccidents are assumed to occur uniformly along 
tion routes spread across a large portion of the country. 

transporta- 

- 

The transportation accident analysis is based on a transportation model developed 
for this document. 
related to the U.S. defense program. 
the development of this model. 

Amour.fs, frequencies, and routes are classified information when 
Therefore, reasonable assumptions were made in 

The transportation model used is outlined in Table F41. The model is based upon 
I the uramp1e of Rocky Flate tranaportation given in Table F39. Small amounts of radio 

nuclides not included in this model are shipped to and f r m  Rocky Flats but are not 
included in the model because of their negligible inpact to  the overall population 
dose. 

i 

Data from Table F37 are presented in columns 1, 2, 3, 4 ,  and 9 of Table F-41. 
The container type used to ship these materials (column 5) is taken to be the type 
thought appropriate for the type and quantity o f  materials shipped {refer to section 
2.6.10.2). The amount contained in each container (column 6) is conservatively taken 
8s the maximum allowed by the various applicable regulations (column 7). 
carried in LSA shi.ments are based on the LSA concentration limit of  section 2.6.10.1 
mltiplied by the maximum lee81 weight of a truck, 40,000 pounds. For rail shipments 
the mount is calculated as 10 times the LSA waste concentraticn times the maximum 

Amounts 

i 
.- * 
I- .. 
i 
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TABLE F-41 
*--- 

lide For8 node 

1) S L a  
241 Oxide Truck 

Waste Rail 
Ketal Air 
Scrap Truck 

I 237 Metal A i r  

1 Oxide Truck 
Air 

Metal Truck 

Oxide Truck 
!ictal+ Truck 
Oxide 

Nitrate Truck 
Waste Truck 

J' Metal Truck 
Waste Truck 

13 Oxide Truck 
Waste Rail 

Ea Metal Truck 

Rai 1 

/ A i  t 

- Oxide Truck 
Nitrate Truck 

W Metal Truck 
A i  t 

;S4+ Metal Truck 
" Waste Truck 

Rail 

ROCKY FLATS TRANSPORTATION HODEL 

Amount Per 
Container 

5.8 
1.34 

20000 
91000 
500 
500 
300 

4500 
273 
273 

4500 
273 
273 

2.05 
52 

4500 
500 

5.17 
500 

13500 
13500 

500 
6000 
500 

73000 
73000 

SO0 
13500 
2000 
500 

Reference for Containera 
Amunt/Con- Per Vehicle 

(7) (8) 
Table 2.6.10-5 12ls  

7 116 

tainer 

8 1 1 7  

8 1017 
e 12 
4 12 
e 12 

10 12 
Table 2.6.10-5 12 
Table 2.6.10-5 12 

10 12 
Table 2.6.10-5 12 
Table 2.6.10-5 12 

I1 118 

7 1'6 
10 12 
e 12 

Table 2.6.10-5 12 
e 116 

1 0  12 
10 12 

e 12 
I t  12 

12 
12 

IS 12 
e 241 

10 12 
14 118 

e 116 

18 

Vehicle-nile8 
Per Year 

-0 
38900 
66980 

255000 
6604 
2500 
1200 
1300 

37300 
11420 
12700 
35400 
57800 

107000 
66980 
58240 
3700 
1600 
2364 

35300 
6500 

14700 
3200 
740 

67030 
7700C 
1200 
2600 

11800 
13396 

48000 

1 
2 
3 Enriched uranium isotope mixture 
4 Depleted uranium isotope mixture 
5 
6 
7 
8 Typical Rocky Flats shipment 
9 

Roc 
Congdered to be all Rocky Flats plutonium mixture 

Considered to be all enriched uranium mixture 
All rail shipments are by ATMX car which is itself a type B container 
Ten times LSA concentration limit (see text) 

Conservative estimation based upon column ( 4 )  

Flats isotope mixture including Am-241 at 20% of plutonium alpha activity 
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Footnotes for Table F-41 (continued) 

10 
11 LSA concentration limit (see text) 
12 Model 1518 container SARP (Adcock, 1968) 
13 
14 SW! strategic quantities limit 
15 
16 
17 
18 

Hod el Til3 contents limit (see page 2-152) 

DOT 6C container gross weight limit 49 CFR 178.99 

12 containers per truck and airplane generally assumed €or this state8ent 
One package per ra;l car because rail car is considered one large type B 
Container 
Assumed because of weight o f  container 
h u n t  per container based upon one container per truck 

payload limit o f  t.he A m  car (Adcock, 1974): If any of these limits yields an 
unreasonably high limit, a conservative value of 500 grams is assumed. 
i 6  still thought to be a quite conservative value. 
vehicle (column 8) is usually taken as 12 for air and truck transport. 
as well as the rest o f  the table is footnoted to e x ~ l ,  '1 the source of many of the 
entries, and to note several other, often conservative, assumptions used. 

This number 

This column 
The number of containers per 

Delivery vehicles are not specifically inchded in Table F41. They are assumed 
to connect with both ends of air shipments, however. 
Flats relaced transportation a 25 mile delivery vehicle shipment is assumed with the 
frequencies outlined in Table F-42. The container types and amounts are the same as 
for the air shipments to which the delivery vehicles connect. 

To model this aspect of Rocky 

It i s  considered that, although the exact type of shipping container and amounts 
contained in them are not available, the model used in this transportation accident 
risk as8essmP-nt i s  accurate enough to give estimates upon which oeailingful decisions 
can be made. 

In this analysis accidents are broken into eight severity categories. Each 
auccteding category involves a greater combination o f  crash force a3d fire severity. 
A fraction of occurrence is given for each category. 
broken down into the fraction of time that the accident of each severity class occurs 
Sn an area of low, medium, or high density population. These population zones corre- 
rpdnd to rural, suburban, and urban areas. 
vehicle accident rate are shown in Tables F42, F43, F44, and F45. These values are 
a11 derived from the NRC Transportation Environmental Xmpact Statement (USNRC, 2977). 

These frequencies are further 

These values along with the ovcrall 

The amount released from a container is dependent upon the type of container, 
and the severity of theaccident. 
&nalysis which is also derived from the USNRC document. 
container within a vehicle involved in an accident is assumed to behave in a similar 
manner. 
previous assumptions ate quite conservative. 

Table F47 shows the release model used in this 
In this analysis every 

In addition, no credit is taken for containment of the vehicle. Both of the 

.I , 

i 

' 

I 
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TABLE F-42 
DELIVERY VEHICLE TRANSPORT UODEL 

. Fraction 
of Radioactive Number o f  

Amount Air Shipment Delivery Vehicle 
Nuc 1 ide Fol-. of Radionuclide Mileage Trips* 
Be Hetal kg 
Np-237 Metal g 

Oxide B 
U-235 Uetal kg 

U-238 Uetrl kg 
g 

g 

- 
0.02 
0.01 
0.06 
0.14 
0.75 
0.01 

G e d  upon two delivery vehicle trips per air shipment. 

Accident 
Severity 
Category 

I 
I1 

I11 
IV 
V 

VI 
VI I 
VI11 

400 
8 
4 
24 
56 
300 
4 

TABLE F-43 
FRACTIONAL OCCURRENCES* FOR TRANSPORT TRUCK ACCIDENTS BY ACCIDENT 

SEVERITY CATEGORY AND POPULATION DENSITY ZONE 

Fractional 
Occurrences 

0.i5 
0 .36  
0.07 
0.016 
0.0028 
0.0011 

8.5 
1.5 

Fractionpl Occurrences Accordinn I 
to Popklation Density Zones 
Low - Hedium H_lA 

0.1 
0.1 
0.3 
0.3 
0.5 
0.7 
0.8 
0.9 

0.1 
0.1 
0.4 
0.4 
0.3 
0.2 
0.1 
0.05 

'fOvera11 Accident Rate = 6 6 x accidents/mile. 

TABLE F-44 
FRACTIONAL OCCURRENCES FOR RAIL ACCIDENTS BY 

ACCIDEE SEVERITY CATEGORY AND POPULATION DENSITY ZONE 

Accident 
Severity 
Cat e gory 

I 
11 
1x1 
-1v 

V 
VI 
VI1 
VI11 

Fractional 
Occurrences 

0.50 
0.30 
0.18 
0.018 
0.0018 

1.3 
6.0 10-5 
1.0 

0.8 
0.8 
0.3 
0.3 
0.2 
0.1 
0.1 
0.05 

Fractional Occurrences Accordinn - 
to Population Density Zones 
L O W  - Hedium High 
0.1 
0.1 
0.3 
0.3 
0.5 
0.7 
0.8 
0.9 

0.1 
0.1 
0.4 
0.4 
0.3 
0.2 
0.1 
0.05 

0.8 
0.8 
0.3 
0.3 
0.2 
0.1 
0.1 
0.05 

%Overall Accident Rate = 5.8 x lo-' railcar accidents/railcar*milt. 
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TABLE, F-45 
M I O N A I .  OCCURRENCES* FOR DELIVERY YMICLE ACCIDENTS BY 
ACCIDENT SEVERITY CATEGORY AND POPUIATXON DENSITY ZONE 

Accidea t 
Sevt ri t y 

I 
-- 21 

111 
PV 
V 

VI: 
VI I 
VI11 

Catcgorp: 
Fractional 
Cccurrences 

0.55 
0.36 
0.07 
0.016 
0.0028 
0.0021 

8.5 10-5 
1.5 10-5 

Fractional Occurrences According 
to Population Density Zones 

0.01 0.39 0.69 
0.01 0.39 0.60 
0.01 0.39 0.60 
0.01 0.50 0.49 
0.01 0.50 0.48 
0.01 0.50 0.49 
0.01 0.60 0.39 
0.01 0.60 0.39 

- Hedium High 

*Overall Accident Rate = 6 . 6 ' ~  accidents/mile. 

TABLE F-46 
FRACTIONAL OCCURRENCES* FOR AIRCRAFT ACCIDENTS BY ACCIDENT 

SEVERITY CATEGORY AND POPULATION DENSITY ZONE 

Accident 
Stvcrity 
Category 

I 
I1 
Ifi 
IV 
V 

VI 
VI I 

VI11 

Fractiocal 
Occurrences 

0.447 
0.447 
0.0434 
0.0107 
0.0279 
0.0194 
O.OC46 
0.0003 

Fractional Occurrences According 
to Population Density Zones 
L O W  - Hedium Hlgh 
0.05 
0.05 
0.1 
0.1 
0.3 
0 .3  
0.98 
0.98 

0.9  
0 .9  
0 .8  
0 .8  
0 .6  
0 .6  
0.01 
0.01 

0.05 
0.05 
0 . 1  
0 .1  
0 . 1  
0 .1  
0.31 
0.01 

%Overall Accident Rate = 8.9 x 10'' accidents/mile for commercial aircraft 

Sever€ ty 
Cat e g o q  

I 
I1 

I11 
IV 
V 

VI 
VI I 
VlXI 

TABLE F-47 
RELEASE FRACTIONS 

USA 
0 

0.01 
0.1 
1.0 
1.0 
1.0 
1.0 
1.0 

- IZPE' 
0 

0.01 
0.1 
1.0 
1.0 
1.0 
1.0 
1.0 

m 
0 
0 
0 
0 
0 

0.01 
0.05 
0.1 

i 

I 

i 
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The solid form in which many of the final products from Rocky Flats are shipped 
would prevent all of the material released from becoming airborne as respirable sized 
particles. Table F48 shows the fraction used and the transport categories to which 
they apply. This table is based upon assumptions used in the USNRC analysis. 

Form Nuclide 
Pu Metal 

- 

Metal + 
Oxide 

P U + U  Metal 
u-233 Oxide 
U-235 Oxide 

n* 
Truck 

Truck 

Truck 
Truck 
Truck 

TABLE F-48 
AEROSOL PARAHETERS 

Aerosolized 
Amount * Fraction 

kg 0.05 
8 

kg 0.05 

0.05 
0.05 

Fraction of 
Respirable Size 

0.2 
0.2 

0.2 
0.2 
0.2 
0.2 
0.2 

All other categories 1.00 1 .o 

Dispersion of the radioactive material, once it has been released and become 
airborne is derived from the USNRC document. 
sian diffusion, a technique widely used in analysis of atmospheric transport and 
diffusion. 
produce a cloud of aerosolized debris instantaneously at the accident site. For risk 
dose calculations, the initial distribution o f  aerosol mass with height is assumed to 
be a line source extending from the ground to a height of 10 meters. The initial 
concentration increases with height in a manner consistent with data obtained in 
experimental detonations of simulated weapons (Church, 1970). The use of such an 
initial distribution is justified for accidents in which fires or residual energy 
provide an aerosol cloud to be released from the accident site. 
a 10-meter-high line source is indistinguishable from that of a point source at 
downwind distances greater than about 100 meters, the initial distribution with 
height i s  unimportant. 
moat potential accidents involve energy releases that mag carry aerosolized materials 
to heights greater than 10 meters. 
height of release increases and is especially conservative for elevated sources such 
as a release that might result from midair aircraft collisions. 

The dispersion model is based on Gaus- 

Accidents that involve a release o f  dispersible material are assumed to 

Since the dose from 

Doses calculated using this model are consemative, since 

The degree of conservatism increases as the 

A year or more o f  meteorological data was taken from each of two separate sites 
Sa the United States. 
were used to derive a list of areas in which a given dilution factor (Ci inhaleWCi 
released) would not be exceeded 95% o f  the time. 

These data (presented in Figure 5-7 of the USNRC document) 

This is in effect throwing out the 
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worst (5% of the total) meteorological conditions and assuming that the accident 
occurs during the worst case conditions of that remaining. 
factors are given in Table F-49. 
population in the area affected for low, medium, and high population densities. 
SUO of these values for each of the poplation density zcnes is used in the popula- 
tion dose assessment calculation. 

These areas and dilution 

The 
The dilution factors are then multiplied by the 

TABLE F-49 
DISPERSION FACTORS FOR POPULATION EXPOSURE FROM TRANSPORTATION ACCIDENTS 

Dilution Factor Area 
{Ci inhaled/Ci released) (m 2) 

1.2 x 4.9 x IO2 
5.6 1.3 103 
2.7 3.7 lo3 
1.2 1.0 lo4 
5.6 x 3.2 lo4 
2.7 x 7.5 lo4 
1.2 x 10-8 1.5 lo5 
5.6 x 15" 4.4 lo5 
2.7 7.5 lo5 

2.7 x 10-l' 1.0 lo7 
1.2 x 10-1O 
5.6 x 5.2 lo7 

1.2 x 10-11 1.2 109 

1.2 I Q - ~  2.4 x lo6 
5.6 x 10-l' 4.2 x lo6 

7 2.1 x 10 

2.7 x 1.4 x 

Population Dilution Factor 

Population x Dilution Factor 

Low Medium High 
Population Density Zone 

3.5 10-9 4.2 10-7 2.3 
2.7 10-9 3.3 1.8 
3.9 4.7 2.5 
4.5 5.4 10-7 2.9 

7.0 10-9 8.3 10-7 4.5 
5.4 10-9 6.5 10-7 3.5 
9.7 10-9 1.2 6.3 
5.0 6.0 10-7 2.2 

6.0 10-9 7.2 3.9 
9.4 10-9 1.1 10-6 6.0 
7.9 10-9 9.5 10-7 5.1 

7.9 10-8 9.5 10-6 5.1 10'~ 
1.9 x 10'7 2.3 x lo'* 1.2 x 10-4 

7.4 x 10'' 8.9 x 4.8 x 10'' 

1.2 x 1.5 x 7.9 x 

1.0 x 1.2 x 6.7 x 
1.4 x 1.7 x 9.2 x lom6 

In the cases were nuclide mixtures such as Rocky Flats plutonium, enriched 
uranium, and depleted uranium are shipped, the dose assessment is carried out based 
upon the nuclide mixture shown in Tables 2.7.2-2, and 2.7.2-4. 

The conversion from mass to activity in this assessment uses the specific acti- 
vity factors shown in Table F-50. 
plutonium mixture is assumed to contain an activity of 2r*Am equal to 20% of the 
plutonium alpha activity. This value is conservatively greater than the saximum 
americium ingrowth possible with Rocky Flats plutonium. 

Throughout this transportation risk asssssment the 
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TABLE F-SO 
SPECIFIC ACTIVITY OF ISOTOPE TRANSPORTED 

. .  
. .  

Nuc 1 ide 
k-241 
Be 
Np-237 

, Pu-238 
Pu-239 
R1-240 
Pu-241 
Pu-242 
G-233 
U-234 
U-235 
U-236 
U-238 

Specific Activity 
(Ci/g) 

3.42 
(non-radioactive) 

1.71 x 10' 
6.22 x lo-* 
2.28 x IO"' 
1.04 x 10' 

6.66 x 

2.14 x 10" 

7.06 loL4 

3.93 10-3 

6.18 10-3 

6.34 
3.37 

,. 

Equat'ion 131 is used to calculate the 70 year population risk dose. This equation 

Population risk doses are then 
i s  applied separately for each radioactive nuclide of each transportation categozy 
shown in Table F-41 for each of the organs of  interest. 
summed separately for each transportation mode to get the total population dose, as 
shown in Table 3.3.2-2. 
manner. 

Exposure risk to beryllium is determined in an analogous 

Table F-51 summarizes the population risk dose calculation in a slightly different 
fashion than explained above. 
on a yearly basis is presented. 
in the square brackets deleted. 
factor, dose factor, and 70-year time period. 
for each o f  the organs. 

The activity of each nuclide inhaled by the populatiorc 
This is calculated using equation 13t with the terns 
This activity is then corrected for the resuspension 

The risk dose is shown in Table F-51 

The sum of  the doses from all the nuclides is the number used to determine the 
These calculations are shown in equations maximum health effect to the population. 

132 t h m  13'+. 

E S AR FOS,, FOPpz FRsc W Y  APC CPV FA FRS (131) pz sc 
SPA PDFpz [RF (CDF t IR) 70 p] = To 
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where UZ = accidp-t rate (Tables F-43 thru F-46) 
FOS,, = fractional occurrence of given severity class (Tables F-43 thru F-46) 
FOPpz = fractional occurrence in a given population zone (Tables F-43 thru t-46) 

- release fraction (Table F-47) 
W Y  = vehicle mile per year (Table F-41) 

APC = amount per container (Table F-41) 
CPV = container per vehicle (Table F-41) 
FA = fraction aerosolized (Table F-48) 
FRS = fraction of that aerosolized of respirable size (Table F-47) 
SPA = specific activity (Table F-SO) 

%c - 

PDFpz = population dilution factor (Table F-49) 
RF resuspension factor (Section F.1 .1 .1)  

IR = inhalation rate (3.33 x 
CDF chronic dose factor (Table F-38) 

PRDTO = population dose over 70 years (rem) 
m3/sec) 

(132) 

(133) 

6.1 lol man-rem 2.0 10-4 cancer mortalities = l . 2  lo-2 cancer mortalities myear man- rem 70 year 

104 man-rem 4.0 cancer mortalities = 4.9 lo-l cancer w,rtalities myear' man- rem 70 year 

(135) 1.8 104 man-rem . 10-6 !---crer mwtalities = lo-l cancer mortalities 
70 year man-rem 7 T j % a r  

6.3 lo-l cancer mortalities 
Total 70 year 

6.1 lol man-rem . 3.0 10-4 genetic defects = 1,8 10-2 f i i - :  enetic pear defe ts -- (136) 7qGE man- rem 

Although the ground plane dose to the population was not used i n  the transporta- 
tion risk dose assessment, it is calculated. 
section F.1.4. 
bjecause o f  the differences in the population density. 
results is shown in Table F-52. 

The methodology used is outlined in 
The ground plane dose was evaluated separately for each poprlation zoce 

A summary of  the zalculatioa 



Nuclide 
Pu-238 
Pu-233 
Fu-240 
Pu-241 
Pu-242 
h-241 
U-233 
U-234 
U-235 
U-236 
U-238 
Th-231 
Th-234 
Total 

Nuclide 
Pu-238 
Pu-239 
Pu-246 
Pu-241 
Yu-242 
h-241 
U-233 
U-234 
U-235 
U-236 
U-238 
Th-231 
Th-234 

TABLE F-51 
POPULATION RISK DOSE CALCUUTION. S W . Y  

Activity inhaled 
per year (Ci) 

1.7 x 10 
5.8 x 
1.3 x 

-9 

3.7 10-7 
1.2 x 10-12 
3.8 x lom8 
2.5 x 
1.1 x 10-8 
1.0 10-9 

1.0 10-9 

1.6 x 10-l' 
6.0 x 10'' 

6.0 x - 

70 Year Population RIsk Cose 
(man-res/70 year) 

Total Bod .- .U"& Liver 
9.2 -__I.Iy x 10 1.5'~ 10' 1.3 x lo2 
3.4 x lo1 4.6 x lo3 4.5 103 
7.8 1.1 133 1.0 103 

1.0 x 101 1.7 103 1.6 103 
1.8 1.9 1.8 x 10-3 
6.9 x 10-l 7.9 x 10' 7.4 x 10-1 

1.1 x lo'* 1.2 x lC1 1.1 x 10-2 
3.7 3.9 103 3.7 
1.i x 10- 2.8 1.8 10-6 
1.0 x 10'' 2.3 2.0 x 10-2 
6.1 x lo1 1.2 lo4 7.8 103 

3.9 5.2 x 101 5.6 x lo2 
6.6 x 9.0 x lo-' 8.8 x 

6.6 x lo'* 7.1 x lo1 6.6 x 

TABLE F-52 
POPULATION RISK WSE FROM GROmD PLANE IRRADIATION 

Bone 
2.7 x lo2 
- 

1.0 lo4 
2.4 103 
'1.3 103 
1.9 x 10-1 
3.5 103 

1.1 x 101 
4.1 x 

1.5 
2.4 x 10-1 
8.6 x 10' 
3.2 x 10-5 
4.9 x 10-1 
1.8 lo4 

Activity Released in Each Population Zone 
(Ci/yr) * LOW Medium 

4.1 10-5 1.4 
1.4 x 10-3 4.9 3.8 10-4 
3.2 1.1 8.7 10-5 
9.0 10-3 3.1 10-3 2.4 10-3 
2.9 10-8 9.8 7.7 10-9 
5.5 1.7 1.2 10-1 
2.2 10" 1.9 1.8 10-7 
6.8 x 10'' 7.9 x 7.3 x 10" 
5.9 x 7.3 x lo'6 7.0 x lom6 
1.3 x 1.2 x 1.1 x 

5.9 x 7.3 x 7.0 x 
3.3 x 10-4 4.3 10-4 4.2 10-4 

3.3 4.3 4.2 10-4 

70-Year Population 
Risk Dose 
(man- rem ; 

7.2 x 

0 
2.9 x 
1.3 

4.6 x 
2.6 x 10" 

1.8 x 10'' 

4.3 10-3 

3.4 x 10-2 

1.8 10-4 

4.7 x 10-4 

1.2 x 10-1 
9.3 x 10-1 
3.0 
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Downwind Dose 
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Estimates of the dose downwind from an accident involve diffusion calculation 
based on short term meteorological conditions rather than long term average conditions 
as were used in previous risk dose calculations. For all accidents, meteorological 
conditions were assumed to be Pasquil stability class E with a wind velocity of 3.0 
meters p e r  second. 

As was done in the beryllium accident analysis a fire was assumed, resulting in 
a plume release height of 100 meters. Using equation 107 the relative concentraticns 
(x/Q) as a function of distance downwind frcjm the accident is shown in Table F-53. 

TABLE F-53 
ATMOSPHERIC DISPERSION FACTORS DOWNWIND FROM A TRANSPORTATION ACCIDENT 

3is tance 
100 meters 
1.2 mile 
L 
3 
3.55 
4 
5 
10 
20 
30 
40 

0 
3.2 

1.8 x 10-6 
1.3 x 

1.82 x 
1.8 x 
1.7 x 
1.0 x 10-6 
5.3 
3.5 
2.5 10-7 

The worst case accident is assumed to be a severity class V I i I  accident involving 
a transport truck containing type B containers loaded with Rocky Flats plutonium. 
?e amount released is calculated in equation 137. 
come from Tables F-41, F-47, and F-48. 

The parameters for this equation 

0.05 aerosolized - 0.2 of respirable size * 

0.1 released from container = 54 g (137 1 

4500 grams . 12 container . 
Container veh i c 1 e 

Equation 138 is then applied to the isotopic breakdown of the amount released to 
determine the organ dose commitment resulting from each nuclide. 

D = R SPA - RF - ADF (&) (138) 
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where 
D = organ dose commitment (rem) 
R = amount of nuclide released (equation 136) 
SPA = specific activity (table F-50) 
RF = resuspension factcr (section F.l.l.l) 
ADF = Acute dose factors (table F - 2 B )  
x/Q = dispersion factor (table F-53) 

The result of the above calculation carried out for each organ of interest and 
summed for each of the nuclides involved is shown in Table 3.3.2-3 as a function o f  
distance downwind. 

To assess the health effects to the population as a result o f  the maximum credible 
accident it is necessary to assess the populatlosl dose comitment. 
dose commitment will be dependent upon the population zone in which the accident is 
assumed to occur. 

Ths population 

The population dose commitment is determined by calculating the 
number of people living in one sector between two distances (the population densities 
are found in Table F-39). 
assumed to receive a dose equal to the person residing at the closest distance of  
that range. In addition, a l l  individuals in that sector are assumed to be exposed to 
the plume centerline air concentration, even though the plume always remains narrouer 
than the sector itself. 

All the people in a given sector and distance range are 

The population bone doses for the three population zones are shown in Table 
F-54 as a function of distance downwind. The sums of these three columns are used to 
assess the health risks based upon the factors of Table 3.1.2-10. These calculations 
are shown in equation 139 thru 141. 

TABLE F-54 
/ POPULATION BONE DOSE COMMITMENT FROK WORST CASE TRANSPORTATION ACCIDENT 

Population Bone Dose Commitment (man-rem) 
Distance 

(Mi) 
2-3 
3-4 
4-5 
5-10 

10-20 
20 - 30 
30-40 
40-50 
Total 

.- 

Population Density Zone 
Low Hedium 

1.9 x 102 2.4 lo4 
3.8  x lo2 4.4 lo4 
5.0 x 102 5.8 lo4 
3.8 103 4.6 lo5 
9.4 103 1.1 x lo6 
8.0 103 9.6 1 0 ~  

7 . 0  103 8.4  lo5 
3.6 x 10' 4.4 x 106 

7.2 103 8.8 x lo5 

F-167 

Hieh 
1.2 x 10 
2.4 x IO5 

2.4 x lo6 
. 6.0 x lo6 
5.2 x lo6 
4.6 x 10' 

2.4 x 10' 

5 

3.2 lo5 

4 .4  x 106 

1 
? 
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4 

6 

3.6 x 10 man-ra 6 x 

4.4 x 10 man-rm . 6 x bone cancer = 26 bone cancer mrtalities (140) 

cancer lnortalities = 0.22 bone cancer mortalities (139) man-rem 

man- run 
7 1 2.4 x 10 man-rem 6 x bone cancer = 1.4 x 10 bone cancer 

man-rem mortalities (141) 

Urban (Maxfiin) Accident 

The analysis of what is referred to as a max/min accident is carried out. 
Hut/min refers to the fact that this accident would result in maxim- consequence if 
i t  occurred, but that it has a minimum probability of occurrence. The consequence is 
SO high, however, that an assessment needs to be made no matter how slight the proba- 
bili ty . 

TO do this assessment, the methodology of Transport of Radionuclides in Urban 
Environs (DuCharme, 1978) was used. This document utilizes dispersion models and 
dosimetric methodologies specifically designed for the urban environment. Because 
the models are quite complex and computer oriented, hand calculations for a specific 
example are difficult. Instead, the max/min accident corresponding to that in the 
Rocky Flats transportation assessment was taken from the Sandia document and corrected 
for Rocky Flats specific transportation parameters. 

The corresponding max/min accident from the Sandia document is an accident 
6 involving a L.13 x 10 

3964 latent cancer fatalities as a result of this accident. 
Ci shipment of Special Nuclear Material. The model predicts 

The analysis o f  latent cancer fatalities is based upsn analysis of dose to the 
organs shown in Table F-55 from a 50 year dose commitment. 
table are the other parameters required to determine the overall Latent Cancer Fatality 
rate per pCi inhaled by the population. 

Also included in the 

TABLE F-55 
HEALTH EFFECT ASSESSMENT FRW SlUIDIA MAX/HIN ACCIDENT CASE 

Organ 
Lung 

pCi deposited ' LCF 
pCi inhaled pCi inhaled 

LCF* 
mrem*50yr 
22.2 x 9.51 io3 0.22 4.64 x lo-' 

Blo& Forming 

Gastrointestinal 
Organ 28.4 4.2 lo3 0.22 2.62 

Tract 3.4 10-9 1.6 102 0.22 1.20 10" 
Thyroid 13.4 x 1.8 0.22 5.31 
Bone 21.0 x 10'' 2.461 x lo6 0.22 1.14 x 

m F  = latent cancer fatality. 
t I n  Pulmonary Lung. 

1.61 x lo-' 
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Once this cancer rate i s  determined, it is possible to calculate the fraction of 
tbe shipment that is ultimately inhaled by the population over a 50 year period. 
These calculations ate shown in equations 142 and 143. 

6.22 x 10’ p v .  Q 3964 LCF = 2.47 x’ lo5 pCi inhaled (142) 

2.47 x lo5 pCi inhaled f 1.13 x 10l2 pCi shipped = 2.19 x 10” fraction inhaled (143) 

This factor is now the basis upon which the Rocky Flats max/min accident assessment 
Inherent in this number is the fraction released and aerosolized in respirable is made. 

sized particles, the dispersion of the material in the urban environment, and the 
resuspension over 50 (not 70 as used in the Rocky F L L s  assessment) years. 

, 

. 
--.. 

The Rocky Flats assessment is based on a loaded plutonium transport truck. The 
amount inhaled by the population is calculated in equations 144 and 145. 

2.19 lom7 fraction inhaled = 1.18 x 10”g inhaledPo . 12 container . 
years (144) 4.5 & vehicle 

This value is then broken down into the isotopic mixture by activity based upon 
Tables 2.7.2-2 and F-50. 
the time of the accident, followed by a 70 year chronic exposure from resuspended 
material, this assessment used the conservative acute dose factors. These dose 
factors (Table F-26) corrected for the inhalation rate inherent in them (divide by 
3.33 x 
organ, as shown in Table F-56. 

Although the exposure shown kere is an acute exposure at 

m3/sec) are multiplied by the release activities and summed for  each 

TABLE F-56 
ORGAN DOSE COMMITMENTS FROM HAX/MIN TIUNSPORTATION ACCIDENT 

a Activity inhaled 
Etuclide in 70 years (Ci) 
Pu-238 2.5 x 
PU-239 8.5 x 
PU-240 1.9 x 

h-242 1.7 x 
Am-241 2.3 x 

Pu-241 5.4 10-3 

8.8 x lo3 

6.8 x 10’ 
1.7 x 10” 

1.4 x lo4 

2.0 103 

1.9 103 

70-Year Organ Dose (man-rem) 
Liver - Lung 

2.0 lo4 2.6 lo4 
6.4 105 1.0 x lo6 
1.4 105 2.3 lo5 
7.1 103 9.3 lo4 
1.2 x 101 2.0 x 101 
1.9 lo5 2.9 x 105 
1.0 x lo6 1.6 x lo6 

Bone 
6.1 x 10‘ 
2.5 x lo6 

- 

5.8 lo5 
2.3 lo5 

6.9 lo5 
4 .8  x lo1 

4.1 x lo6 
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The health effects of this.population dose commitment are calculated in equations 
146 thru 150. A similar calculation is done for an enriched uranium shipment. The 
resulting health effects are shown in Table F-57. 

$ 

(146) 

(147) 

1.4 104 2.0 10-4 cancer fatalities = 2.8 cancer fatalities m man - rem 10 years 

reo  106 man-rem . 4.0 cancer fatalities e 4.0 cancer fatalities 
7 F j G Z S  man-rem 70 years t 

/’ 

106 man-rem . 10-6 cancer fatalities = 3.2 cancer fatalities 
7 7 T j G E S  man-rem 70 years 

4.1 106 man-rem . 6 10-6 cancer fatalities = 2.5 lol cancer fatalities (149) 

cancer fatalities 
Total : 71 -years 

(150) 3.0 10-4 genetic defects = 4 . 2  g enetic defects 
man-rem 70 years 1.4 lo4 

TABLE F-57 
IX‘LTH EFFECTS FROM MAX/HIN ACCIDENT INVOLVING ENRICHED URANLUH 

Organ Cancer Fatalities Genetic Defects 

Lung 7.6 x 10-1 
Total Body 3.5 5.2 

Liver 3.5 10-3 
Bone 2.4 10-3 

7.7 x 10-1 5.2 x lo-’ 

Calculation of the decontamination cost resulting from a radioactive release is 
carried out in the Sandia document. For the Rocky Flats plutonium accident, equation 
151 calculates the activity released. 

(151 1 - 2  12 - 0.879 - 0.05 aerosoized = 2.4 x 10 Ci 
4500 contziner vehicle g 

8 I Graph 4-7 in the Sandia document shows a decontamination cost of 1.72 x 10 dollars 
from such a release. 

The probability of this max/min accident occuring is very low. Tables F-41 and 
F-42 give the probability as calculated in equation 152. 

6.6 x 

6.2 x lo’ m- = 3.1 x lom7 year 

accident 1.5 x lo” Class VI11 accident. 5 x lo’* in high population 
density zone mile 

= once in 3.3 x lo6 years (152) 

I 
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APPENDIX G-1 

Health Effects from Transuranic Element Exposure 
R. C. Thompson and W. J. Bair 

Prediction of the human health consequences attributable to the release of plu- 
tonium and americium to the environment from Rocky Flats operations is necessarily 
indirect and highly uncertain. 
effects of these elements in either man or experimental animals at the very low 
exposure levels anticipated. There also is a lack of understanding o f  the mechanisms 
by which such effects occur. This understanding, if available, would aid in the 
extrapolation of data obtained at much higher exposure levels. 
such predictions are considered in this Appendix under four general headings: 
experience with transuranic elements in man, 
in man, ( 3 )  data from animal experiments on plutonium toxicity, and ( 4 )  data on 
effects of other types of radiation on man. 
general problems of extrapolation from animal to man, and extrapolation from the 
exposure levels producing observabte effects, to the very much lower exposure levels 
predicted to result from Rocky Flats operaiions. The controversy regarding the 
influence of spatial distribution of dose on resultant biological effects will also 
be addressed. 

fiere is a lack of any pssitive information on 

Data relevant to 
(1) 

(2) experience with natural radiation 

Consideration will be given to the 

The general approach followed in this appendix is that of Appendix L1.G o f  the 
1 LHFBR Environmental Statement 

now available. 
with modifications reflecting the newer information 

G.l EXPERLENCE WITi TRANSURANIC ELEMENTS IN MAN 

NO life-threatening effects attributable to transuranic elements have been 
observed in man. Evidence of effects at the cellular level (e.g. histologically 
observed effects surrounding a plutonium-contaminated wound2 * 3  and possible increases 
in chromosome aberrations following accidental t'xposure ) cannot be related to exposure 
levels in any manner useful to predictive analysis. A recent accident in which a 
radiation worker in Hanford, Vashington was exposed to gross external and. substantial 
internal contamination with 241Am resulted in pain and disablement, however these 
effects are attributed primarily to the isolation required and to treatment procedures 
for acid bums and for removal of americium and nonradioactive foreign materials. 
Consideration must therefore be directed toward the kind and magnitude o f  exposures 
that have occurred without evidencing effects. Such exposures arise from t w o  principal 
sources: 
and other devices, and the accidental exposure of plutonium workers. 

4 

5 

the world-wide plutoilium fallout from atmospheric testing of nuclear weapons 
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Exposure to Fallout Plutonium 

k the result of atmospheric testing of nuclear weapons, an estimated 320 kilo- 
curie8 of  long-lived plutonium isotopes have been deposited on the surface of the 
c8rtb, of which about 250 kilocuries is deposited on the northen hemisphere a d  16 
kilocurie* on r3e United 
.oil, im foods, avd in ran constitute a *natural* experiment of pertinence to tba 
c8tiutim of the niological behavior of transuranic elements released from Rocky 
I l 8 t S .  

Hersurements of this plutonium i n  the air. i n  

Estiurtes ef huean organ burdens and doses resulting from fallout plutonium have 
been made by Bennett, employing the ICRP lung model and the data on New York City 
plutonium air concentrations (measured since 1965 and estimated prior to that date by 
analogy with measured strontium-90).8 Assuming no intake subsequent to 1972 and 
calculating cumulative dose to the Year 2000, Sennett arrived at the estimates given 
in Table G-1. 
inhalation intake from 1954 to 1972 o f  42 picocuries (1 picocuries = curies) 
per person, or 8 millicuries total for a present U.S. population of about 2 x 10 . 
For comparison, Table G-1 also lists the estimated dose from 70 years of routine 
Rocky Flats Plant releases. 
helps to.act,ieve some perspective. Note also that the estimates of dose from fallout 
are based upon measured values, while the estimates of dose from Rocky Flats releases 
are based upon conservative assumptions. > 

These estimates assume no intake by ingestion and involve a cumulative 

a 

Though the true periods are not the same, this comparison 

TABLE G-1 
ESTIHATED WIATXON DOSE TO THE 1977 ROCKY PLATS AREA WPUUTION 
FROM FALLOUT PLUTONLW AND FROK 70 YEARS OF ROUTINE PLANT RELEASES 

(millio3 man-rem) 

Dose Equivalent from 
70 Years o f  Routine Releases b 

Dose Equivalcnt to the 
Year 2000 frc.a Fallout Pua Organ 

tung 0.029 0.008 
Bote 0.061 0.028 
Liver 0.031 0.012 

8 
a. Per capita estimate o f  Bennett, based on Nev York City air concentrations, 

multiplied by 1.8 million population within 50-mile radius of Rocky Flats 
Plant (see Table 2.3.3-2 in Chapter 2). 
Taken from Teble 3.1.2-8 in Chapter 2. b. 

Direct measurements have been made of  fallout plutonium in autopsy samples. 
Bec8use the plutoniu levels are at the lower limits o f  analytical capabilities, rrng 
o f  the earlier value# reported were highly uncertain. A recent srtomcrry of carefully 
OV*lu.t8d 8UfOpSy dat8 collected f K n  m y  ot8tC)m Over a PtriOd tXt8ndlIIg ft08 1959 
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to 1976 provides the data shown in Table G-2.' The measured organ concentrations 
listed are 50th percentile values (50% of individual samples are lower) fro8 more 
than 170 autopsies. 
concentration in tissues based on the New York plutonium air concentrations and the 
ICRP lung model. 
measured value in lymph nodes may reflect a greater solubility of fallout plutonium 
than assumed in the model. 
in the lpph nodes of experimtntal animals and plutonim workers exposed to insoluble 
plutonium oxide. 

Also shown in Table C-2 are computed estimates of plutonium 

The agreement is quite goad, except for lymph nodes. fie ICW 

?roportionately larger m a t s  of plutonium are observed 

OrKan 
Bone (vertebra) 
Liver 
Lung 
Lymph Nodes 
Kidney 
Gonads 

TABLE G-2 
CONCENTRATION OF FALLOUT PLUMNIUH IN HAN 

(pCi/kg) 

Autopsy 
Data 

1959-1976 
0.50 
0.58 
0.24 
2.42 
0.06 
0.13 

9 8 Computed Estimates 
1974 1964 

0.08 0.20 
0.23 0.54 
2.48 0.12 

0.03 0.06 

- - 

43.0 27.0 

0.02a 0. lZa 

l Estimated on the assumption that 0.05% of the total body burden is present in 10 
g of ovaries. 

i 

While these data on fallout plutonium in man cannot be linked to any measured 
effects, they do indicate that such unmeasurable effects in the general population 
around the Rocky Flats site will be more numerous than the most conservatively esti- 
mated effects from Rocky Flats operations. 

Occupational Exposure 
8 

The U.S. Transuranium Registry was established in 1968 to obtsin information on 
persons occvpationally exposed to plutonium and other transuraniwa elements. It is . 
operated by the Hanford Environmental Health Foundation, with cooperation from Pacific 
Northwest Laboratory, Los Alamos Scientific Laboratory, and the Rocky Flats P1ar.t. 
The Registry seeks to identify potentially exposed workers, obtain their health 
physics and medical records, and their permission for postmortem sampling. Registry 
Operations are summarized ir. Table G-3.l' nore than 14,000 persons have been speci- 
fically identified as having been employed i n  operations that right lead to significant 
plutonium exposure. 
autopsies performed to date for the Transuranium Registry; Rocky Flat8 continuer to 

Note tbt Rocky Flats has contributed more than half of all 

0-1-3 
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encourage all workers to participate in the Transuranium Registry. PetmisSion for 
postmortem saapling and for access to medical records is at the workers' discretion. 
The accuaulating autopsy data are in general agreement with data on the distribution 
of plutonium in experimental animals, and thus support the extrapolation Of animal 
toxicity data to man. 

Estimated 
Deposition Range (10" til 141 20 or more Number of Persons 

885 4 - 20 
3,725 1 - 4  

m e  group of exposed persons is of particular interest because of their early 
-sure, tseir relatively high level of exposure, and the thoroughness of the follow- 
up studies.12 These 25 laboratow uorkers were exposed during 1 9 U  and 1945 while 
working at what is now the Los Alamos Scientific Laboratow, under conditions that 
uould.be judged crude and unacceptable by today's standards. Their individual body 

. I  

Number of Persons for whom RegistrY Has: 
Health Physics huthori ty Release of  Autopsy 

Performed Identification U e d i c a l  Records For AutoPsY Location 24 

42 
Han f ord 2,129 1,960 209 4 
Rocky Flats 3,025 258 126 

0 
Los Alamoa 

92 
1 

Savannah River 1,683 

334 
0 

Mound 

1 

Oak Ridge 14 

13 - 106 _c 122 
73 985 

Elsewhere - 

Specific 
7,079 2,244 535 

167 
9 
0 

10 1 

- Total 14,386 4,744 

epidemiologic study of workers exposed to plutonium at W E  installations has 
been underway since 1974.11 Data on mortality and morbidity in these workers are 
being collected and followup through at least 1390 is anticipated. The numbers of 
zxposed workers, grouped according to estimated deposition level I are shown in Table 
C-4. Additional vorkers potentially exposed to plutonium, but with estimated deposi- 
tion legels lower than 1 nanocurie, will be studied as controls. 

TABLE C-4 
W E  CONTRACTOR EHPLOYEES WITH ESTlmTED PLUTONIUn DEPOSITIONS 11 

IN EXCESS OF 1 NANOCURIE AS IDENTIFIED FOR EPIDEHIOLOGIC S m y  

c 

f -. 

/: 



burdens are estimated to range from 5 to 420 nanocuries, totaling, in the aggregate, 
about 2.5 microcuries. These burdens have now been retained for more than 30 years. 
One of the 25 died o f  a coronary occlusion at age 33, and another died as the result 
of an automobile accident. 
nally deposited plutonium. 

None have shown medical findings attributable to inter- 

Another group of plutonium workers of particular interest are the 25 workers 
with initial lung burdens greater than 0.04 microcuries wko were eacposed during the 
Rocky Flats Plant fire of 1965.13 
Chere have been no detectable medical effects observed in these workers. 

Aside from the cytogenetic effects noted below, 

An increased incidence of chromosome aberrations in lymphocyte culture is a very 
sensitive indicator of radiation exposure. An increased incidence of such chromosome 
aberrations has been reported in plutonium-exposed Rocky Flats Plant employees. 
Even though continuing studies on tnese workers indicate a linear dose-response rela- 
tionship between systemic plutonium burden and aberration frequency, the results do 
not appear to be useful fox predicting ultimate health effects. An increased inci- 
dence of chromosome aberrations was also observed in English plutonium workers, but 
could not be differentiated from possible effe-ts of external i~radiati0n.l~ 
case, the occurrence of these chromosome aberrations in cultured lymphocytes is not 
known to relate, in any way, to ultimate biological effects influencing survival. 

4 

In any 

In view of the relatively small number of persons with sizable plutonium deposi- 
tions, it seems unlikely that statistically valid inferences with regard to toxic 
effects will ever be made. This would not be true, however, if plutonium were mark- 
edly more toxic than is currently believed. Thus, the 2.5 microcuries presently re- 
tained by the Los Alamos subjects must have amounted to about 10 microcuries origin- 
ally deposited, which, after 30 years, should have shown significant effects if the 
cancer risk were as high as postulated by Tamplin and C~chran.’~ 
vincingly made in a paper by Cave and Freedman. 16 

This point was con- 

6.2 EXPERIENCE WITH NATURAL RADIATION IN HAN 

Experience with transuranic elements in man is limited to the present genera- 
tion. 
ment. 
fron other natural sources throughout the history of the species. An estimate of  the 
radiaticn doses to Denver area residents from these natural sources is presented in 
Table 3.1.2-6 of Chapter 3.17 Whether one compares the maximum exposed individual or 
the average Denver area resident, the estimated radiation exposure due to Rocky Flats 
operations is a very small fraction of this natural background exposure. 

Other alpha-emitting elements, however, are a natural part of man’s environ- 
He has lived with these internally deposited radioelements and with radiation 



C.3 GFECTS OF TRANSURANIC EL-S IN EXPERIHESTU ANII¶ALS 

Direct information on the toxicity of transuranic elements is availdlle anly 
ftc? studies in experimental animals. 
the biological effects observed in such animal experiments will at least qualitatively 
approximate those that would occur in man exposed under the same conditions. For 
this reason, it is important to  look to the extensive results of animal experimentation 
for guidance in estimating the health risks from exposure to transuranic elements. 

The radiobiological literature suggests that 

The acute toxicity of injected plutonium is due primarily to destructive effects 
on the blood-forming system, resulting from irradiation of the bone marrow by pluto- 
afum deposited on bone surfaces, or released from these surfaces into the marrcw. 18.19 
In the case of inhaled plutonium, acute death in experimental animals rsults from 
pulwnary edema, hemorrhage, and inflammatory destructioc of the functional tisst:e of 
the lung, 19,20 

Acute toxicity is conventionally expressed in terms of an ''LDs0" dose; i'e., the 

For intravenously injected tetravalent plutonium-239 citrate, in rats, 

A somewhat lower value, 20 microcuries per kilogram was observed in dogs; hcw- 
The LDso,30 for inhaled plutonium 

dose required to kill 50% of the animals within some specified period of time, usu- 
ally 30 days. 
the LD50130 is about 70 microcuries per kilogram. P. similar value was observed for 
mice. 
ever, this was with injected hexavalent plutonium. 
in rats and dogs was not very different fro= the values for injected plutonium. 
of these dose values will vary somewhat depending on the compound administered and 
the valence state of the plutonium. 
would result from an internally deposited dose of less than 10 microcuries per kilo- 
gram, which translates to 700 microcuries for a 70-kilogram man. 

All 

It seems unlikely, however, that acute death 

This amounts to 
about 10 milligrams of plutonium-239, or about, 40 micrograms of plutonium-238. 19 

Long-term effects occur at very much lower exposure levels than those required 
to produce acute death, and it is these long-term effects that are the only concern 
at the very low exposure levels that might result from Rocky Flats releases. 
incidance of cancer appears to be the most sensitive measure of these long-term ef- 
,ftcts. 
bone, liver, lung, and lymph nodes. 
observed in animals as a result of plutonium deposition, most significantly in bone 
and lung. 

The 

The organs in which plutonium is retained in highest concentrations are the 
In all of these organs, tumor formation has been 

Effects in Bone 

An informative experiment on the toxic effects of plutonium in bone is the bea- 
gle study in progress at the University of Utah. 
1952 and was designed to compare the long-term effects of intravenously injected plu- 
tonium and radium. 
tensive data are evailablc on the toxicity of radium in man. 

This experiment was initiated in 

The com?arison with radium is of particular interest because ex- 



Table G- shows the status of the p-itoniw-injected animals in this experi- 
rent.21 
groups, there vas a very substantial incidence of bone cancers. With decreasing 
dose, the time to tumor appeotance increased until, in the lowest dose group, the 
average life span was not significantly different from that of the controls. 
tfonal groups at lover dose levels were exposed beginning in 1964. 
tumors have been observed in these groups, but wst of the animals are still alive 
and no estimate of incidence is meaningful at this tire. 

In the earliest injected groups, all animals are now dead. In all of these 

M d i -  
Several bone 

Injected lhse 
xi/ks)a 

2.9 
0.9 
0.3 
0.1 
0.05 
0.016 
Controls 

TABLE C-5 
PLUTONILY-INDUCED BONE CANCERS IK UTAH Doc STUDY" 

Tumor Incidence 
7/9 =' 78% 

12/12 = 100% 
12/12 = 100% 
10/12 = 83% 
10/14 = 71% 
4/14 = 29% 

0 

Dogs with Bone Cancer 

Years to Death Lrad) (rem 1 
Dose t o  Skeletonb 

4.1 4710 235,500 
3.6 1410 70,500 
6.5 581 29,050 
7.2 231 11,550 
8.9 135 6,750 
9.9 55 2,750 

11.5 (for all concroi dogs) 

a. 

b. 

Additional studies are in progress at dose levels of 0.316, 0.006, 0.002, ar.d 
0.0006 microcurie per kilogram. 
Cumulative dose to one year before death. 

Of more interest than absolute cancer incidence figures, is the finding in the 
Utah studies that plutonium-239 is radiologically 16 times more toxic than radium-226, 
on the basis of the same total energy delikered to bone.21 
butable to the more hazardous localization o f  piutonium on bone surfaces, near the 
cells from which bone ttuaors originate. 

This difference is attri- 

A number of long-term studies in rodents have also pointed to bone cancer as the 
most sensitive indicator of the toxicity of injected plutonium. 
data from sose of these studies are summarized in Table 6-6. 
from a more extetsive tabulation by Bair,22 and include only experiments or experi- 
mental groups meeting the following criteria: 
ated in the study, (2) more than one exposure level wcs studied, (3) cancer incidcwe 
did not exceed 50 percent, and (4) life shortening was not excessLve. These criLerio 
should help to exclude results shoving a misleadingly lw cancer incidence due to 
saturation effects or early dea:h frm other causes. 

Cancer incideace 
These data were seiected 

(1) radiation dose to b o x  was evrlu- 



i 

It should be noted that calculation of the rem doses listed in Table G-6 involves 
the use of a quality factor of 10 and a distribution factor of 5 ;  rem doses are 
therefore 50 times the rad doses. 
close agreement, both within and between experiments. 
cidence is an approximately linear function of radiation dose to bone over the ranges 
studied, that it is not greatly influenced by the compound or route of administration, 
and that mice, rats, and dogs show a similar sensitivity, although dogs appear to be 
more scnsitive than rodents. These similarities of behavior lend confidence to the 
use of these numbers for the estimation OF effects in man. 

The bone cancer incidenct per rem shows rather 
This suggests that cancer in- 

TABLE G-6 
PLUTONIUM- INDUCED BONE CANCERS IN EXPERIMEKAL A N I H A L S ~ ~  

AdministrAtion 
Route -- Species Compound 

Uouse Citrate Intravenous 

Rat Citrate Inhaled 

3 

Rat Citrate Oral 

Rat Citrate Intra- and 

Rat Carbonate Inhaled 
Subcutaneous 

Rat Nitrate Intratracheal 

Doga Citrate Intravenous 

Bone Dose 
Equivalent 

(rem) 
2000 
42GO 
6500 
20000 
830 

1640 
3820 
6700 

12200 
17800 
1650 
2850 
2600 
25650 
180 
320 

1260 
6000 
2565 
5850 
20900 
44000 
2750 
6750 
11550 

Bone Cencer 
Incidence 

Fractional -- Per rem 
0.039 2.0 x 101; 

0.056 3.4 x 10:; 

0.08 1.9 x 10 
0.180 2.7 x 10:; 
0.430 2.2 x 10 
0.013 1.6 

0.11 0.9 
0.19 1.0 10-5 
0.03 1.8 
0.074 2.6 
0.04 1.5 IO-* 
0.25 1.0 
0.01 5.6 

0.12 2.0 
0.016 0.6 

0.3 

0.025 c.7 x 10 
0.032 

3.011 3.4 x 10:; 
0.031 2.5 x 10 

0.04 0.7 x 10:; 
0.09 0.4 x 10 
0.13 
0.29 10.5 x 101; 
0.71 10.5 x 10 
0.83 7.2 10’~ 

a. Data of Reference 22 altered to reflect more recent data reported in Reference 
21. 
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TULE G-7 
LUNG CANCER IN RATS FOLLOWIHG INHALATION OF ALPHA-EWITTING PLUTONIW 

OR AHERICIUH COMPOLJXDS~ 

- Cancer Incidence Per Rem 
Inhaled Hean Haximum b -mum b 

Chemical Form 

"soluble" 8 x 10 6 x 1 s  
" in so 1 u b 1 e 16 20 loS5 13 10-5 

a. Data from Reference 24. 
b. 95% confidence interval. 

Lymph nodes draining the lung, or sites of intramuscular plutonium deposition, 
may accumulate plutonium concentratlons many times higher than ccncentrations seen 
elsewhere in the body. 
tracheobronchial lymph nodes of dogs that inhaled plutonium, but these changes were 
not obviously detrimeptal. 
to plutonium exposure is uncertain. 
lymph drainage are considered most unlikely at the low levels of exposure project- 
ed.22823 The ICRP, while recognizing the higher burdens and dose commitments in the 
lymph nodes relative to the lungs, skeletal system, and liver, has not considered the 
thoracic lymph nodes to be a critical organ. 26 

Various histopathologic changes have been observed in the 

Tumors have been seen only rarely, and their relationship 
Indirect effects on immune capability or on 

Effects on the production or survival of the various types of blood cells have 
been studied in mar.y of the experiments on plutonium toxicity. 
fects are noted at high exposure 

lung.23 One cannot rule out the possibility of a relationship between this effect on 
lymphocytes, lymph node pathology, decreased immunological capability, and the patho- 
genesis of plutonium-induced lung tumors. 

A variety of such ef- 
The most sensi:ive of these effects is 

- probably the reduction in blood lymphocytes following deposition of plutonium in the 

Since plutonium on bone surfaces will irradiate portians of the bone marrow, 

Although leukemias have, in rare instances, been reported to 
concern has been expressed that leukemia might be an important delayed effect of 
plutonium exposure. 
result from pl-itonium exposure, they have occurred only following rather large doses, 
and at a much lower incidence than bone tumors. 18,27 

Plutonium deposited in testes 3r ovaries would be of concern only because of 
possible genetic effects. 
been performed, an investigation of cytogenetic effects in the testes of hamsters 
showed no significant increase in the frequency of chromosome aberrations after 
calculated radiation doses of 1 and 4 rads.28 The exposures employed in this study 
would result in significant life shortening and cancer induction, suggesting that 

While studies of multi-generation genetic effects have not 

/' 
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genetic risks are small compared LO somatic risks. Studies of chromosome aberrations 
in the germ cells of male mice after protracted exposure to 239Pu, with doses ranging 
from 14 to 44 rads, showed significant eEfects, in agreement with predictions based 
on previous studies with gamma ray and neutron exposures and assumed radiobiological 
effectiveness (RBE) and distribution factors.29 On the other hand, a study comparing 
the effectiveness of tritium acd 239Pu in producing chromosome aberrations in the 
insect chironomus riparius showed no evidence for a higher relative biological effec- 
tiveness for pl~tonium.~' Recent studies in mice have indicated that the critical 
spermatogonial stem cells of the testis may receive a 2 to 2 . 5  times higher dose from 
deposited plutonium than the averzge for the testis, due to the inhomogeneities of 
di~tribution;~~ however, such an enhanced effect is not expected in man because of 
the greater amount of interstitial tissue in human testes.32 For the ovary, data 
from studies in the halester indicate that the genetically significant dose rate to 
viable oocytes is likely to be lower than the average dose rate to the organ as a 

a l l  animal species studied, and dose to sensitive gonadal cells would not be expected 
to exceed the total body average. 

In any case, the total deposition of transuranics in the gonads is low, in 

34 

C.4 EFFECTS OF OTHER TYPES OF RADIATION IN MAN 

In the absence of data on the effects of transuranic elements in man, some 
inferences regarding these effects may be drawn from observations of the effects from 
other forms of ionizing radiation in man. Such inferences would be based on data 
derived from medical, occupational, accidental, or wartime exposure of humans to 
different radiation sources: external X radiation, atomic-bomb gamma and neutron 
radiation, radium, radon and radon daughters, etc. Such information has been sum- 
marized by the National Academy of Sciences - National Research Council Committee on 
the Biological Effects of Ionizing  radiation^,^^ and more recently by the United 
Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) ,36 and by 
the International Commission on Radiological Protection (ICRP) .37 
estimates are linearly extrapolated from human experience at relatively high dose 
rates and total doses; the validity of such extrapolations will be discussed later in 
this Appendix. 

All of these risk 

&cer Effect2 

The extensive human data considered in the BEIR report will not be reviewed 
here; it should be noted, however, that effects of irradiation from external rather 
than internal sources, in particular the data from Japanese atomic bomb survivors and 
irradiated spondylitics, were heavily weighted in arriving at risk estimates. The 
BEIR report makes estimates of both absolute risk and relative risk and for each of 
these assumee either a 30-year or a duration-of-life interval following the latent 
period, during which risk remains elevated. This leads to four risk estimates. 
Oaly the two estimates vhich lead to the lowest and the highest predictions of cancer 
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mortality are considered here; the lowest being the absolute risk model with a 30- 
year plateau, referred to as the "absolute model," and the highest being the relative 
risk model with a lifetime plateau, referred to as the "relative model." Each of 
these models makes separate risk estimates for the in utero, 0-9 years, and 10+ years 
age periods, reflecting age differences in the sensitivity to irradiation. The 
derivation of these risk estimates and their application to the U.S. population 'is 
summarized in tables on pp. 169 and 171 of the BEIR report,35 where the excess deaths 
due to cancers other than leukemia for the U:S. population, per 0.1 r-z, per year, 
are predicted as 1,210 by the "absolute model" and 8,340 by the "relative model." 

The fraction of these non-leukemia cancers that are bone cancers is given as 
0.04, and the fraction that are lung cancers is given as 0.26. No fraction is given 
for liver cancers, which fall in the BEIR report's "GI including stomach" category, 
which is 0.2@ of the non-leukemia cancers. It is assuped that these cancers will be 
induced in direct proportion to their incidence in the Hiroshima-Nagasaki survivors, 
where primary liver cancers accounted for about 0.08 of the GI cancers. 
0.016 (the product of 0.08 and 0.20) is considered the fraction of the total non- 
leukemia risk that is attributed to liver cancers. 

Therefore, 

Taking the fraction o f  the predicted non-leukemia cancers attributable to each 
cancer type and converting population dose to a man-rem basis, one arrives at the 
risk estimates shown in Table G-8: Leukemia risks were not estimated because dose to 
bone marrow from bone-deposited transuranic elements is small compared to the dose to 
other organs, and because leukemia has been only infrequently seen in animal experi- 
ments with plutonium. 18,27 

The cancer risk from irradiation of thoracic lymph nodes was also neglected, 
even though :hese nodes, in experimental aniuals, receive a radiation dose from 
plutonium that is bigher than the dose to any other organ.22 
sarcoma, reticulosarcoma, Hodgkin's disease, and/or multiple myeloma has beea ob- 
served to be increased in Japanese atomic bomb survivors, ''-'' in patients receiving 
radiotherapy for ankylosing spondylitis ,'l and in radiologists who entered practice 
in the days preceding current restrictions on occupational exposure.'* 
reason, the lymphoid and reticular tissues were classified by an ICRP Task Group43 as 
being "apparently*' high in susceptibility to the carcinogenic effects of radiation; 
however, it was noted by the Task Group that at least some of  the neoplasms included 
in this group (e.g. multiple myeloma) appear to arise in the bone marrow. Whether, 
in fact, any o f  these neoplasms is attributable to transformation of cells in lym- 
phoid tissues, as opposed :9 transformation of precursor cells in the bone marrow, is 
debatable in light of current concepts of cell population kinetics in the lymphatic 
and reticular system. At present, therefore, in the absence of evidence that 
localized irradiation of lymphatic tissue is carcinogenic in human or  animal popula- 
tions, it seems inappropriate to attempt to estimate such cancer risks. 

The incidence of lympho- 

For this 
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TABLE G-a 
DERIVATION OF CANCER MORTALITY RISK ESTIMATES 

FRW BEIR REPORT ESTIKATES~ 

1 2 3 4 5 

Predicted 
Excess Deaths 

Fraction per Year per 0.1 Rem Predicted 
of Non- per Year Continuous Excess Deaths 

Cancer Risk Leukemi ab Exposure of UcS. per d 
Population Man-Rem Type Modela Cancers 

Non- 1 eukeai a Abso 1 ut el1 
"Re la t ive " 

Lung r'Absolute" 
" Re 1 a t iv e 

Bone "Absolute" 
"Relative" 

Liver *I Absol u t e I' 
"Re la t ive" 

1.0 
1.0 
0.26 
0.26 
0.04 
0.04 
0.016 
0.016 

1,210 

315 
2,168 

48 
334 
19 
133 

8,340 
16 x 10:: 
I10 x 10 

17 x 10 
2 x 10:; 

1 x 10:; 
7 x 10 

a. "Absolute" refers to BEIR report absolute risk model with 30-year plateau 
following latent period during which risk remains elevated. 
to BEIR report relative risk model with lifetime plateau. 

all categories. Fraction for liver cancers is not given in BEIR report, but 
estimated as explained in text. 

application of fractions listed in Column 3. 

basis) and dividing by 2 x lo8 (U.S. population total employed in derivation of 
Column 4 numbers). 

"Relative" refers 

b. Fractions given in BEIR report (p. 171) for age 10 or more assumed to apply to 

c .  Non-leukemia deaths taken from BEIR report (p. 169). Others calculated by 

d. Calculated from numbers in Column 4 by multiplying by 10 (converting to rem 

The BEIR report cancer risk estimates are compared in Table G-9 with risk esti- 
mates derived from several other sources. 
largely based upon, and therefore agree closely with, the numbers published by UNSCEAR 
in 1977.36 
mates of  the BEIR report, 
cancer risk, UNSCEAR derives such a number, based largely on recently summarized 
data, on the induction of liver cancer by "Thorotrast," a preparation of thorium 
dioxide.44 
it considered to be specifically applicable to p l u t o n i ~ ; ~ ~  these are listed in Table 
G-9, and do not differ marked!y from the UNSCEAR numbers. 

The recommendations of the ICRP37 were 

The UNSCEAR risk estimates generally fall between the high and low esti- 
While the BEIR report gave no specific estimate of liver 

England's Hedical Research Council (HRC) published risk estimates which 
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TABLE G-9 
COMPARISON OF TfUJSURANIC HEALTH RISK ESTIHATES 

6 (Cancer death or genetic defects per 10 organ-rem.) 

Human Risk Estimates - Data 
From BEIR3’ New- 

High‘ Low: UNSCEAR36 -- ICRP37 MRC45  hay^^'"^ combe4’ Animals 
Lung Tumors 100 16 25-50 
Bone Tumors 17 2 2-5b 
Liver Tumors 7 1 10 
Genetic Defectse 1500 60 185 

20 25 

10 20 
200 300 

5b 5 
20 

4 
10 

10 

60-2OOc 
10-100d 

a. As derived in Table G-8. 
b. Expressed as risk per 10 rad of -3w level radiat-m to endos ea1 cells, which 6 

6 should be roughly equivalent to risk per 10 
throughout bone. 

rem of alpha radiotion averaged 

c. Data from Reference 24 (see Table G-7). 
d. Data from Reference 21 (see Table G-6). 
e. Defects in all subsequent generations, including specific gonetic defects 

and defects with complex etiology (see Table G-10). 

Also of interest are recently accumulated data on the carcinogenicity or radium- 
224 in human bone. 46*47 These data are particularly relevant to risks from plutonium 
since radium-224 has a very short half-life (3.62 days) and, because of this, irradi- 
ates only the surface layer of bone, in much the same manner as plutonium. When ad- 
ministered repeatedly, as it was to a large number of tierman patients shortly after 
the Second World War, the resultant exposure of bone should clcsely mimic that re- 
ceived from plutonium. Based on these data, Mays, et al., estimate a bone cancer 
risk of 4 x 
at the high dose level employed, this estimate cannot be too high or too low by more 
than a factor of ten. 

per man-rem; and present convincing arguments for concluding that, 

21 

Also shown for comparison in Table G-9 are the cancer risk estimates derived 
from animal experiments. 
based on hum8n data. 
cussed later in this Appendix. 

These estimates are somewhat higher than most of  those 
The problems of extrapolation of animal data to men are dis- 

Genetic Ef fecrs 

The genetic risks considered in the BEIR report include the full spectrum o f  
genetic defects seen in the U.S. and other Western nations. 
carrier may range from a lethal action occurring at any time of life (from before 

Their effects upon the 
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birth until 
The genetic 

death), to minor metabolic consequences that may be nearly undetectable. 
spectrum ranges from dominant single gene mutants whose effects may be 

categorically recognized, to subtle genetic contributions to disease conditions that 
are predominantly of environmental or non-genetic origin. hs a consequence, it is 
not appropriate to compare o r  equate estimates of genetic risk directly with cancer 
risks, where case incidence and case mortality are substantially one-to-one. 

The BEIR report (up. 5 4 - 5 7 )  summarizes its risk estimates for genetic defects in 
terms o f  a 5 rem per generation dose to a population of one nilli~n.~' 
these nurbers to a man-rem basis, one obtains the risk estimates of Table G-10. The 
range of these estimates reflects a 10-fold uncertainty in the value of the mutation 
rate doubling dose, which is assumed to lie in the range of 20-200 rem. There is a 
further uncertainty with regard to the magnitude of the genetic component o f  the de- 
fects with complex etiology. 

Converting 

An additional category of genetic risk discussed in the BEIR report is that con- 
cerned with general "ill health" of uncertain genetic determination. 
conservatively estimated as a 0.5 to 5.0 percent increase in the equilibrium inci- 
dence of ill health per 5 rem per generation. 
10 

This risk was 

Thus, for the total U.S. population, 
9 man-rem per generation would increase ill health by 0.5 to 5 percent. 

TABLE C-10 
DERIVATION Of GENETIC DSFECT RISK ESTIMATES 

FROM BEIR REPORT ESTIMATES~ 

I 2 3 

Predic ted 
Defects per Million 
Persons per 5 Rem Predicted 
per Seneration at Defects per 

b Equi 1 i br i urna 
250 - 2500 50 x 

SO0 x 

Man - Res 
to 

Type of Risk 
; Specific Genetic 
I Defect sc 

Defects with Complex 
d Etiology 

50 - 5000 

a. Values taken from Table 4 ,  Page 57 of BEIR report. 35 
b. Equal to values of Column 2 divided by 5 x 10 6 . 

10 x 

1000 x 
to 

c. Includes dominant diseases, chromosomal and recessive diseases. 

I -  

! 

d. Includes congenital anomoljes, anomolies expressed later, constitutional and f 

degenerative diseases. 
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Many uncertainties are involved in these genetic risk estimates, as reflected in 
35 the following statement from page 59 of the BEIR report: 

I t  i 8  cleat that tbesc estimates are subject to great uncertainty. 
?he r~nges of plausible values arc broad, and there is no assurance 
t h a t  t h e  true values are vathin these ranges. 
that future information will necessitate rcvisioas. The estimates 
are presented, not as accurate scientific iufornation (as scientists 
we w u l d  pzefer to defer judgment uutil the information is solid), 
but I s  reasonable valuer based on current knovledge which, crude 
and uncertain as they are, may serve as  a better guide to rational 
uses o f  radiation than no estraater at all. 

We are Well aware 

Some of the uncertainty referred to above would seem to have been resolved by 
recent data gleaned from the vital statistics records of the Canadian province of 
British Columbia.48 
million people indicate an incidence of simple dominant hereditary disease of 0.08 
perceit as compared to the 1 percent incidence employed in obtaining the BEIR Report 
risk estimates. 
pertinent experimental studies thus fail to demonstrate any important effect of 
irradiation on the irregularly inherited diseases, or on general health and well 
being," and concludes that only the dominant hereditary diseases "are likely to 
increase in direct proportion to the mutation rate.... *I4' 

estimate of total genetic risk is 10 x 
report,36 felt that the range of uncertainty stated in the BEIR report could be 
substantially narrowed, but retained a considerably larger estimate of genetic risk 
than that suggested by Newcombe. These various genetic risk estimates are compared 
in Table G-9. 

These exceptionally well-organized statistics covering two 

Newcombe has argued persuasively that "the bulk of the most directly 

On this basis, Newcornbe's 
per man-rem.49 UNSCEAR, in its 1977 

G.5 ESTIMATION OF THE EFFECTS OF TRANSURANIC ELEHENTS IN HAN 

Data relevant to the estimation of health effects in man have been presented in 
the preceding sections of this Appendix. 
mentally obtainable data, are not adequate for the precise prediction of such possi- 
ble health effects. Many assusptions must be employed, and the conclusions that are 
reached are meaningful only in the light of these asszmptions. 
are the assumptions involved in the various extraGolations required and the assmp- 
tions involved in reducing plutonium exposure to the common denominator of radiation 
dose. 

- These data, or for that matter, any experi- 

Particularly critical 

A discussion of these Droblems is presented in this section. 

Extrapolation from Animal to Man and to Very Low Exposure Levels 

Estimation of the human risks associated with the uptake of very b w  levels of 
transuranic elements involves several kinds of extrapolation. 
observations in experimental animals or man, there is the problem of extrapolating to 

Whether based on 
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much lower exposure levels than are covered by the data. 
are for types o f  radiations that do not include internally deposited transuranic 
elements; one must extrapolate from experience with external irradiation. 
animal data are available for transuranic element toxicity, but then one nust extra- 
polate frord animal to man. 

The available human data 

Experimental 

The extrapolation of toxicity data from animal to man is the 00st familiar of 
these extrapolation processes. 
lying assumption of most toxicological research. Where data from several animal 
species are in reasonable agreement, it is assumed, in the absence of conflicting 
evidence, that man will behave similarly. This assumption is more confidently made 
i n  the case of acute effects. For long-term effects, species differences have more 
opportunity to manifest themselves, and differences in life span may be ol: signifi- 
cance. 

That such extrapolation can be justified is an under- 

Fortunately, for the case of bone-deposited alpha-emitters, one can make some 
Table C-11 
In most 

direct comparisons between human and experimental animal toxicity data. 
compares data on radium toxicity in man and in experimental animals. 21950 
studies, the incidence of bone cancers per rad is higher in animals than in man. 
For radium, the extrapolation error, from animal to man, would thus result in a 
consenative overestimate of  effect in man. While such a conclusion cannot be confi- 
dently assumed to apply to the case cf transuranium elements, the experience with 
radium is at least encouraging. 

As noted i n  the previous section, the data on the effects of 224Ra in man are 
the most applicable data for the estimation of plutonium effects in man. 
because 224Ra, with its short half-life (3.62 days), irradiates only the surface 

This is 

layer of bone, as does plutonium. 21 

Aside from the human radium data, experience with alpha-emitters in man is of 
little help in these evaluations. 
uranium miners, and liver tumors in thorotrast patients, suffer from inherent dosi- 
metric complexities that seriously limit their usefulness. 
no significant excess of lung cancer in uranium miners in the dose ranga of 120 
Working Level Months.35D51 
ranglng from 60 rad35 to 1,800 rads2 to the basal cell layer of the respiratory 
epithelium, with 240 to 840 rad often being the range suggested. 51-53 
miner data were, nevertheless, considered as one source of input in the derivation of 
BEIR Report risk estimates for radiation induced lung cancer. 

Data on alpha-radiation-induced lung tumors in 

Recent studies have shown 

This dose of 12b W M  has been variously related to doses 

The uranium 

The thorotrast-injected patients do show an increased liver cancer and leukemia 
incidence; however, this incidence results from the very inhomogeneous deposition o f  
about 5 grams of thorium in the liver, which bears little dosimetric relationship to 
a plutonium deposition. The UNSCEAR report derives an incidence estimate of 10 x 

36 per man-rem, based on the thorotrast data. 
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TABLE G-11 
COHPARISON OF WIUn TOXICITY DATA IN EXPERIKENTAL A N I W S  AND 

Bone Cancer Incidence per lo6 Bone-Rad 
Radionuclide Hale Mice Female Mice &% H ? i  

226Ra 77a 70" 320' 
228Ra 430b l30Ob 

226+228~~ 6-53a 
224Ra 73b 120b 100-200a 

a. Data summarized in Reference 21. 
b. Data summarized in Reference 50. 

All observations on radiation effects, whether in animals or in man, have been 
made for total radiation doses, and for radiation dose rates that are much higher 
than the average tissue doses and dose rates that might result from releases of 
transuranic elements from Rocky Flats. The low incidence of effects that might 
still be of concern when applied to large populations are simply unmeasurable in 
either animal experiments or human epidemiological studies. It is necessary, there- 
fore, to interpolate between the doses from which data on effects are available and 
zero dose, where zero effect can be assumed. For the estimates of health effects 
wade in this Statement, we have based this interpolation on an assumed linear dose- 
effect relationship. The BEIR report (page 97) justifies such a procedure in the 
following 

In view o f  the gaps in our understanding of radiation carcinogenesis 
in ~ n ,  and in view of  its more conservative implications, the linear, 
non-threshold hypothesis warrants use in determining public policy on 
radiation protection; however, explicit explanation and qualification 
of the assumptions and procedures involved in such risk estimates are 
called for to prevent their acceptance as scientific dogma. Further- 
more, the linear hypothesis is the only one which permits the selec- 
tion of the mean rrcumulated tissue dose to characterize the radiation 
exposure of a group under conditions of nonunifom exposurc and expo- 
sure rate. 
quantity that can be used to estimate the risk of cancer in such popu- 
lations until the influence of the many interacting variables can be 
better specified. 

The mean accumulated tissue dose is the only practical 

While agreeing with the practical utility of this procedure, it is most impor- 
tant that the results not be accepted as "scientific dogma." It is not the objective 
of thcs Environmental Statement to "determine public policy on radiation protection." 
Its objective is to present all of the evidence, so that public policy. as eventually 
determined, may reflect all relevant risks and benefits. In this light, it must be 
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emphasized that the interpolated risk estimates do rest on conservative assumptions, 
and that there is no direct experimental evidence on which to base a choice between 
these estimates and an estimate of zero effect. 

Pertinent to the assumption of a linear dose-effect relationship is the recent 
caution voiced by the NCRP: 

"The NCRP wishes to  caution governmental policy-making agencies o f  
the unreasonableness o f  interpreting o r  assuming "upper 1im:t" esti - 
u t e s  o f  carcinogenic risks at low radiation levels, derived by 
linear extrapolation from data obtained at high doses and dose 
r8tes, as actual risks, and o f  basing unduly restrictive policies 
on such an interpretation o r  a~swnption."~' 

Because there is considerable exyerimental evidence to indicate that low-dose- 
rate exposures are leFs uamaging, rad-for-rad, than high-dose-rate exposures, it has 
been often suggested that linearly extrapolated estimates of effects at very low dose 
rates should be corrected by some "dose-effect iveness factor." Such an approach was 
taken in the Reactor Safety Study55 (Rasmussen Report), where it was recommended that 
at dose rates of less than 1 rem per day, or at total doses of less than 10 rem, the 
effect estimated by linear extrapolation should be reduced by a factor of five. The 
credibility of this approach is supported by an Advisory Group on Health Effects, in- 
eluding among its 17 members, five who also served on the BEIR Committee. 

Application of the "risk-effectiveness factor" as employed in the Rasmussen 
Report was not limited to low-LET (linear energy transfer) radiation. Most of the 
experimental support for the concept, however, derives from studies with low-LET 
radiation. From theory, one may argue convincingly that the high LET of alpha radia- 
tion, and consequent lack of repair of cellular effects, demands a linear relation- 
ship at low dose between cells killed or damaged and alpha particles traversing the 
tissue. 
carcinogenesis, however, since there is no accepted theory (linear or nonlinear) 
which describes the process by which dead or damaged cells lead to the production of 
cancers. Because of this uncertainty in their applicahility to high-LET radiation, 
risk effectiveness factors have not been employed in this Environmentdl Statement. 
The probable conservatism of this approach must be kept in mind. 

This linear relationship would not necessarily apply tc the total process of 

Spatial Averaging of Doses 

Throughout this Environmental Statement, each estimated radiation dose has been 
calwlated as a spatially averaged value for the total organ. Such doses are, in 
fact, not uniformly distributed throughout the organ. In particular, the transuranic r 
elements are inhaled and deposited i,n the lung as particles exhibiting a 
of sizes and shapes, which leads to an obviously nonuniform distribution 

distributiofi 
of dose. 
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The validity of this spatial averaging of dose has been the subject o f  recent 
controversy, stimulated in large part by a petition from the Natural Resources Defense 
Council (NRDC) to the Atomic Energy Conmission and the Environmental Protection 
Agency. 
of  plutmium in air by a factor of 115,000 when this plutonium was present in the 
form of "hot parti~les."'~ 
denied by the Nuclear Regulatory Commission, as successor to the Atomic Energy Com- 
mission, in April 1976.56 
tory Commission expressed the following conclusions with respect to the validity of 
averaging organ doses: 

This petition requssted a reduction of the maximum permissible concentraticn 

The petition was presented in February 1974; it was 

In their denial of the NRDC petition, the Nuclear Regula- 

"In ruruiy, the unifoa dose model is geuerally recognized by the 
scientific comaunity and supported by experimental evidence as a 
conservative basis for standards €or personnel protection. 
finds, i o  agreerent with the recoa~endhtions of the crganirrtions 
quoted, that available data support the use of the uniform dose 
arrumption as an appropriately conservative approach. 
available data indicate that while the biological risk from a uni- 
forc lung dose of 15 rems per year is low, an equivalent dose de- 
livered in a nonuniform manner is at least as low. 
standards for insoluble, alpha-emitting radionxlides, as based 
on a uniform dose assumption, are believed to be adequately con- 
servo tive. "5s 

The NRC 

That is, the 

Therefore, 

As noted in the above quotation, several organizations have studied the "hot 
particle" problem and have, without exception, concluded that the NRDC proposal is 
without merit.57 
has published a recent report on the subject,58 as have also the National Radiological 
Protection Board," the Hedical Research C o u n c ~ l ~ ~  in England, and the German Ministry 
of the 
Regulatory Commission ar.d are summarized in their denial of the NRDC petition. 

The ICRP has given the problem repeated con~ideration;~~ the NCRP 

The con-lusians o f  these groups were reviewed by the Nuclear 
56 

Aside from the highly publicized "hot particle hypothesis," other questions have 
been raised concerning the conservatism of exposure limits, or health risk estimates, 
based on average organ dose. 
small, alpha-emitting, insoluble particles, in the 10"' to 
range, are responsible for the carcinogenicity of tobacco smoke." 
concludes that very small plutonium particles should have a similar effect, and has 
proposed a reduction in plutonium "...air concentration and lung burden standards by 
8 factor of between 100 and 1000...t*62 This highly speculative hypothesis is sup- 
ported by no experimental or clinical verification of  substantial accumulation of 
such radioactive particles in radiosensitive regions of the lung, and upon no evi- 

Hartell has argued that naturally occurring, very 
curie activity 
By analogy, he 

dence of  a cacsal relationship between such particles and human lung cancer. 
opposed by considerable evidence for the involvement o f  other carcinogens known to be 
present in tobacco smoke. 

IC is 
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Gofman has postulated a greatly enhanced carcinogenicity for plutoniu in ciga- 
rette smokers, whose impaired ciliary clearance mechanisms will, he contends, result 
in a greatly increased dose to the radiosensitive bronchial epithelium. 6'*@ Again, 
this speculation is supported by no relevant experimental or clinical evidence, and 
is Opposed by specific data attesting to the slight effect af cigarette smoking on 
clearance from the lung. 65.66 

Recent suggestions by Morgan for redu-tion of plutonium exposure limits, seem 
appropriately considered at this point,. since they are, in part, concerned with qvec- 
tions of spatial distribution of dose.67 
permissible plutonium burden, based on four factors which he argues imply a greater 

Morgan suggests a 240-fold reduction in 
1 
I 
b 

a 10-fold higher rate of turnover of surface deposited plutonium in dog bone as com- 
Accepting this uncertain estimate, it does not follow that the 

same initial concentration of surface-deposited plutonium should be 10 times as 
hazardous in man as in the dog. 
exposure, and man has five times the Lifespan of the dog. A 10-fold higher absolute 

I 
,pared to human bone. 

The hazard is assumed to result from a lifetime of 

I 

compared with man, by only a factor of two. The situ?tion is more complex than this, 
however. The same processes that bury plutonium on bone surfaces, also vi11 bury 
radium on bone surfaces; and these same turnover processes will release plutonium and 
radium to redeposit on other surfaces. 
by Harshall and Lloyd to increase the relative hazard of plutonium to radiup in man, 

These complex interactions have been estimated 

hazard to bone than is envisioned by present standards. The first of these factors 
relates to new information on the relative toxicity of  239Pu and 226Ra in dogs. As 
noted in Section G.3, this toxicity ratio, on the basis of average dose to bone, is 
16, whereas current standards are based on a ratio of five.*' Morgan does not con- 
sider the fact that current standards are also based on an assued 90 percent deposi- 

i' 

tion of systemic plutonium in bone, rather than ICRP's presently preferred estimate 
of 45 percent deposition.26 
reduction in the permissible body burden based on bone as critical organ, rather than 
the factor of three proposed by Morgan. 

The net effect of these two changes would be a 1.5-fold 
! 

; 

i 
Horgan's second reduction factor, with a value of two, is based on his conclu- r 

sion that "...the surface-to-volume ratio for the trabecular bone of the dog ... is 
about twice that for man. 
concentration of 239Pu near the trabecular surface as that in the 

Thus the same amount of 239Pu in man would have twice the 
There is, 

, in 
between man and dog. 
contention,68 but mc3re recent data of Spiers and Whitwell show essentjally identical 
ratios in man and dog. 

fact, no present basis for defending a significant difference in this parameter 
Lloyd and Hodges have reported data that uould support Mcrgan's 

69 
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Vaughan, on the other hand, proceeding from human dosimetric considt-ations, without 
relation to the dog, conclude that the present permissible body burden for plutcnium 
"...is not in need of major revision in respect to bone."71 

tforgan's fourtn reducticn factor, with a value of four, is based on a presumed 
four-fald greater radiation sensitivity of man relative tu dogs. This presumption he 
derives from a preliminary report of results from Pu02 inhalation studies in baboons. 
These results involved acute effects jn lung and are therefore hardly applicable to 
considerations of long-term effects in bone. Horeover, extended observations indicate 
that the baboon is less sensitive than the dog at survival times in excess of 1000 
days. 

72 

7 3  

Morgan's overall factor of 240 would therefore, more realistically. be re-ei-alu- 
ated as something between one and five. His is, moreover, only a partial appmach to 
the evaluation of plutocium hazards; many other €actors might be considered. All 
such fsctors arc under continual review by nptional and international bodies charged 
with the responsibility for such evalutions. While some changes in plutonium expo- 
sure standards may be expected to result from the continuing accumulation of better 
data, there is no present indication that such changes w i l l  be large. 

Conclusions 

AS detailed in Chapter 3. estimates have becn made of the cancer mortalities and 
genetic defects that may result from predicted releases of radionuclides from the 
Rocky Flats Plant. Because the number of predicted health effects is E? small, it is 
perhaps unnecessary to stress that they are based upon conservative estimates o f  
expcsure, multiplied by conservative estimates of the risk from this exposure, and 
that whether the actual risk approaches these numbers, or is zero, can in no way be 
inferred from our present knowledge. Whether one should place any credence in the 
absolute value of these numbers is an arguable proposition. 
validity for decision making purposes are those gross comparisons of relative radiation 
exposure that require nn uncertain extrapolations and that make no pretense to absolute 
prediction. In this category are the comparisons of exposures from Rocky Fldts 
releases with :he exposures from natural background radiation and from fallout pluto- 
nium. 
only a small fraction of that received from fallout plutonium and a very much smaller 
fraction of the radiation exposure from natural background. 

Of  perhaps greater 

The predicted exposure of Denver-area residents frcm Rocky Flats releases is 
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APPENDXX C-2 

Cancer Risks from Focal Deposits of Alpha-Emitting 

Radionuc:ides i n  Lung Tissue 

R. 6. Cuddihy and W .  C. Gr iff i th 

Appendix G-1 of this  Environmental Impact Statement contains an analysis 

of the human health r i sk s  frcm exposures to alpha-emitting transuranium ele- 

ments used at the Rocky Flats facil ity. Subsequent to the development of th i s  

analysis special concerns were raised as to the potential for uniquely high 

health risks being associated with particles or focal sources of  alpha-emitting 

radioactivity in  lung tissue. The alleged risks for radioactive particles were 

100,000 or 1,000,000 times hi3her than those derived from studies of  more 

uniformly distributed radioactivi ;y in  lung tissue. This Appendix reviews 

current scientif ic information and shows that there i s  considerable experience 

from studies o f  inhaled or inst i l led radio-activity i n  laboratory animals or 

previous accidental exposures c;f people to determine the health r i sk s  from 

different distributions of yadiation dose to lung tissue. ’’articulate :- focal 

sources of alpha-emitting radiation have not been shown to have uniquely higher 

risks than uniformly distributed radioactivity. Tnus, current radiation r i s k  

estimators appear to be adequate for projecting the r i sk s  from transuranium 

materials handled at the Rocky Flats faci l i ty.  

Bpotheses on Radiation Risks to Lung Tissue 

Projecting quantitative relationships between levels o f  exposure to 

ionizing radiations ar.d r i sk s  for developing neoplastic disease involves 

substantial assimilation of  information froa studies in human populations and 

i n  laboratory animals. In general, studies of accidently exposed people and 

medical patients are used to derive the primary zeasures o f  the absolute 
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smsl t iv i t ies  of !wan organs, tissues or cells for  radiation induced neoplastk 

transformation. flowever, the human experience is very limited and there are 

lraw pbs ica l  and biological factors relzted to different types of  radiatfon 

txposuws that may modify the absolute magDitudes of the Pelated cancer risks. 

These factors can not normally be evaluated in studies of exposed hunan popula- 

tions so that the potetttial dose modifying factors must be investigated i n  

studies with laboratory animals. Use of information fmn both cl inical studfes 

8nd laboratory antma1 studies provides the best means for developing useful 

-radiation protection guide1 ines. 

An important assumption in developing radiation dose-effect relatfonships 

i s  that the cancer r i sk  is related to the magnitude o f  the exposure and is 

l ike ly  to be expressed i n  those tissues receiving the highest leve?s o f  radia- 

tion. Perhaps the simplest relationships which can be developed are for single 

brtef radration exposures $n which whole organs are uniformly irradiated. 

Tumors whlch may result are most l ikely to involve the most sensitive cell  

populatfons i n  the irradieted tissue. The response may be modified if the 

radiation dose i s  protracted over long periods of time and i s  delivered at  

changing dose rates; If the exposcre i s  to high LET (linear energy transfer) 

radiatlon such as alpha particles rather than to g a m  or X-ray; and if the 

radiation results from internal ly-deposi ted radionuclides that produce very 

non-uniform distributions o f  radiation dose in the tissues. 

A b s o d d  radiation doses in internal bdy organs from external X-ray or  

gam radlation can be estimated by readily accepted mathematical expressions. 

Radiation doses ln areas of internally deposited radionuclides are more diffi- 

cult to estimate. Often thqv are calculated from the total amount of enrrgy 

deposited ?n the organs per unit of organ weight. This i s  called the average 

' \  
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organ radiation dose. However, if the riidioactivi?y i s  concentrated near par- 

tlcularly sensitive cell populations wtthin the organs, then it  is also appro- 

prfate to calculate thn microscopic doses in  these areas when deriving doss- 

effect relationships. This is  frequently done for radionuclides that depos:t 

predominantly on bone swfaces and irradiate cel ls  i n  these areas which are 

thought to be transformed to ;deld bone cancers. I t  can also be done for in- 

soluble particles that contain alpha-emitting radionuclides and are deposited i n  

lung tissue. Doses from inhaled alphs-emitting radionuclides can be calculated 

as average organ doses, as doses to alveolar or bronchial epithelial cel ls  or  

even i n  terms of  the number of  times alpha particles pass through single cel ls  o r  

cell  nuclei. These are a l l  valid expressions of radiation doses. Honever, the 

expressions of  dose used i n  developing the dose-effect relationships must also be 

used in re-applying the relationships back to human r i sk  evaluations. 

Particles containing alpha-emStting radionuclides deposited i n  the lung 

deliver the highest radiation doses to the nearby cells. Cue to the very short 

range of alpha emissions i n  tissue, inhalation of  a small number of particles may 

result  I n  irradiation of only a small fraction of  the total lung. For this 

reason, some individuals have suggested that the average organ dose should not be 

used to evaluate the health r isks.  They have also postulated that the health 

r i s k s  could be sustantially greater than is  estimated from the average dose to 

lung. Tamplin and Cochr,n (1974) postulated that single particles having more 

than 0.07 pCi of long-lived alpha-emitting activity deposited in lung have a r i s k  

of 1/2000 of producing a lung tumor. These have been called "hot particles" 

though the definition was later changed to refer to particles with more than 0.6 

pCi of alpha-emitting radionuclides. 

The basis for  the Tamp1 in-Cochran hypothests on "hot particles" was de- 

veloped from studies of  Albert fit. (1967) with irradiated ra t  skin. Albert et 
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- a\. showed that electron irradiation of rat  skin produced atrophic hair fo?l icles 

and epithelial skin tumors. About one tumor was produced for  each 2000 to  4000 

atrophic fol l ic les.  The tumor response was seen at doses above 230 rad, iii- 

creasing abruptly a t  2000 rad and reaching a maximum at about 4000 rad. Thus, 

Tamplir, and Cochran reasoned that alpha radiation doses greater than 1000 rad 

would produce atrophic foci i n  lung tissue also with the potential o f  1/2000 of 

resultfng i n  a lung tumor. Such doses are produced i n  the tissue volumes adja- 

cent to "hot particles." 

Later, Martell (1977) pcstulated that the greatest r i sk s  for  producing lung 

tumors would result from particles containing alpha-mi tting radionuclides that 

irradiate the surrounding cells at a rate of  one h i t  per day. This, Martell 

said, would occur with partlrles containing less  thar, 0.01 pCi of long-lived 

alpha-wittfng radionuclides. 

%arm particles" would have an associated cancer r i s k  one million times greater 

He also postulated that radioactivity i n  these 

than the same amount of  radioactivity distributed unifonnly i n  lung tissue. He 

contended that a l l  previous studies with inhaled alpha radiodctivity used very 

much higher activity particles that steri l ized the surrounding lung cel ls  and 

that the enhanced r i sk  from "warm particles" was, thus, not observed. 

Both the "hot particle" and "warm particle" hypotheses suggest that very 

specific lekals o f  focal sources of radioactivity i n  lung tissue have uniquely 

higher risks for producing tumors ihan has been observed previously. This 

Appendix reviews these hypotheses i n  relation to the dosimetry of inhaled 

alpha-emitting radioactivity and i n  the l i ght  of  current investigations of 

the toxicity o f  inhaled plutonium i n  people and i n  laboratory animals. 

" Deposition and Clearance of Inhaled Particles 

6 lbe hazards to people from exposures to airborne radioactive particles 
i 

1 4  

*b depend on 1) the amount of radioactivity I n  the particles, 2) the fraction 
: 

s 
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Of the particles that can be inhaled and deposlted, 3) their location in the 

respiratory tract dnd 4)  how rapidly they can be removed by the body's natural 

clearance mechanisms. I n  natures aerosols never consist of particles having 

a single size. The mechanisms of  aerosol fonnation i n  the environment, such 

as combustlot\ and comlnution, result I n  psrticles which have a range of  sizes. 

Table 1 il lustrates these size ranges for typical particles i n  tobacco smoke, 

fly ash, different types o f  so i l  partfcles and atmospheric dust. 

A schematic i l lustration o f  an atmospheric aerosol particle s ize distr i -  

bution js shown in Figure 1 and includes the principal modes of particle sizes 

and the main sources of mass for each mode. Fine particles are usually produced 

f t m  combustion and other pracesses that inject gases and vapors ipto the ttmos- 

phere. These tend to coagulate i n  time increasing the number o f  particles with 

diameters between 0.1 um and lum (1 um = 1 x lom6 m). 

produced dtrectly from coRbustion, from mechanical grinding processes and from 

r ind resuspension of so i l .  These are usually i n  the range from 1 urn to 100 uni 

in diameter. The larger particles settle out more rapidly than smaller particles, 

hence their concentrations i n  a i r  are quickly reduced. Exposures of people to 

ae rxo l s  in  the atmosphere or i n  work places w i l l  involve different ranges of par- 

t i c le  sizes depending upon the manner in which the particles were produced. 

Larger particles are also 

Plutonium released to the environment, such as that from the Rocky Flats 

fac?lity, can also have a wide range of  particle sizes. I n  time, the released 

radioactivity becoris associated with sol1 particles by surface adsorption o r  by 

exchange into the actual soil chemical matrix. TaPle 2 contains measurements 

by the Environmental Protection Agcncy (EPA) which indicate that the size dis- 

tribution of sojl particles around Rocky Flats and the amount o f  plutoniun 

associated with each so i l  s ize fraction varies considerably with location. 

The character of  this  s ize distribution influences the potential ,'or mcchaqical 
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Table 1. Size Range of  Typical Particles and Gas Dispersoids. 
(Lapple, 1961) 

3 
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Ffgure 1. Schematic of an atmo?pheric aerosol surface area distribution 
showing principal mdes, main sources of mass for each mode, 
and the pr:ncipal pmcesses fnvolved in inserting mass In each 
mode and the principal removal mechanism. 
(Mhitby and Cantrell 1976) 
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Table 2 

Plutonium Content of Various Soil Particle Sizes i n  the Rocky Fl Ats Area a 

\ 

EPA Soil 
Sampl I? 
Nurrber 

RF 1A 

-- 

RF 1B 

RF 1C 

RF ZA 

i 

Soil Partfcle Size 
Increment 

(pm) 

2000--105 
105- 10 
< 10 

2000-105 
105-10 
< 10 

2000- 105 
105-10 
< 10 

2000- 105 
105- 10 
< 10 

u 

Fraction o f  Soi l  
kiss i n  Size 

Increment 

0.62 
0.18 
0.20 

0.63 
0.17 
0.20 

0.64 
0.16 
0.20 

0.46 
0.34 
0.20 

'EPA, 1977. 

Fraction of  Plutonium 
Activity i n  Size 

Increment 

0.07 
0.40 
0.53 

0.39 
0.06 
0.55 

0.43 
0.08 
0.49 

0.13 
0.37 
0.50 
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resuspension of  the so i l  particles and for inhalation of the plutonium by people. 

It should be re-emphasized, however, that people would not be exposed to single 

Sizes of particles or single levels of  particle radioactivity such as those 

defined as "Ix~ particles" or "warm partfcles." The particles containing 

p;utonium would vary i n  s ize and levels of radioactivity just  as those occurring 

i n  nature containing natural radioactikity or  nuclear weapons fallout radio- 

nuclides, or those which have been used in laboratory animal studies. 

To describe the deposition and retention of particles inhaled by people, the 

respiratory tract i s  usually divided into three regions, The nasopharyngeal 

region extends from the nose to the larynx; the tracheobronchial region extends 

from the larynx to the terminal bronchioles; and the pulmonary region includes 

the structures from the respiratory bronchioles to thc alveoli. Deposition of  

inhaled particles in  the different regions of the respiratory tract varies with 

particle size as shown I n  Figure 2. The particle s ize i s  given as the mass 

median aerodynamic diameter. The aerodynamic diameter of  a particle of  arbitrary 

shape and density i s  defined as the equivalent real diameter of  a unit  density 

sphere which has the same terminal settl ing velocity under gravity as the par- 

t i c le  i n  question. Two particles with the same aerodynamic diameter may have 

different densities and real sizes, but they w i l l  exhibit the same behavior i n  

a i r  *ad i,i their deposition i n  the respiratory tract. Particles such as pluto- 

nium oxide may have densities as high as 10 g / a  and have aerodynamic diameters 

about three times their real diameters. Plutonium adsorbed onto so i l  particles 

may be resuspended, inhaled and deposited i n  people depending upon the physical 
3 characteristics of  the so i l .  Sol1 particles have densities o f  2 to  3 g/cm . 

3 

Knowing the aerodynamic s ize distribution of aerosol particles, it is 

possible to estimate the fraction of the particles which w i l l  be deposited in  

the respiratory tract. I t  can be ;een in Figure 2 that more than 80% o f  the 
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MASS MEGIAN DIAMETER-MICRONS 

Figure 2. 
mass median diameter. Each of the shaded areas indicates the var- 
iability of deposition for a given mass median aerodynamic diameter 
i n  each compartment when the geometric standard deviation of the 
aerosol particle sizes varies from 1.2 to 4.5 and the tida? volume 
is 1450 ml. (ICRP Task Group on Lung Dynii.,iics, 1966) 

Particle deposition fraction as a furction of particle 
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particles with aerodynamic diameters greater than 5 urn w i l l  deposit i n  the 

nasopharyngeal region. Particles smaller than 0.1 urn deposit primarily i n  the 

pulmonary region with efficiencies approaching 50% or greatt,.. Referring back 

to the particle size distributions i n  Figure 1 and Table 2, a sizeable fraction 

of the mass or activity i n  each distribution i s  associated with particles which 

are too large to be inhaled and deposited efficiently i n  the lung. 

Orace particles have been deposited in the respiratory tract their be- 

havfor i s  no longer influenced by aerodynamic diameter. The significant 

properties are real physical size, mass, surface area, shape, solubil ity, 

chemical composition and location. Clearance from the nasopharynx occurs by 

sneezing or  blowing, absorption into the systemic blood or rapid clearance to 

the gastrointestinal tract by rrycociliary transport and swallowing. Clearance 

by each of  these mechanisms 'c competing and the relative fractions cleared by 

the specific pathways depend on the solubi l i ty  of  the material. Clearance 

of $articles frm the trachea and bronchi i s  also by absorption into the blood 

and mucocfliary transport to the gastrointestinal tract. Clearance of particles 

deposited i n  the nasopharynx and the trachea and bronchi occur with half-times o f  

less  than two days. The airways of  the pulmonary region are unciliated and 

* 

- clearance can only occur by mechanisms such as absorption into the blood or lymph 

systems, or  slow clearance to the bronchi by phagocytic cell activity. Clearance 

of insoluble pltitonium particles fm the pulmonary region occurs with a half- 

time o f  about 500 days (XCRP, 1972). 

, 

Plutonium released into the environment i s  l ike ly  to be found in  relatively 

insoluble chemical forms. The more soluble forms which may be released can 

oxidize or adsorb onto so i l  particles and exhibit low solubi l i ty  in aqueobt 

fluids. Bennett (1974) described the low uptake of nuclear weapons fallout 

plutonium in plants and its long retention time in lung tissues after Inhatation 
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by people. The chemfcal solubilfty of plutonium i n  sofl samples obtained near 

the Nevada Test Site, Mound Labc ,tory and Oak Ridge National Laboratory was 

studied by Tamura (1976). Less than half  of  the plutmium in these samples was 

extracted by treatment with cftric acid indicating a relatively insoluble form 

for much of the plutonium i n  these samples. 

Alpha I r rad iat im of  Lung Cells 

The amount o f  injury to ?ung cel ls  from particles containing alpha-emitting 

radionuclides deposited i n  the lower respiratory tract &?ends upon the number of 

alpha miss ions  that h i t  the cel ls.  This depends upon the range of the alphas 

emitted, the number of  particles fn the lung and the quantity of  rddiOaCtiVity in 

each part1 cl  e. 

The range of  alpha radfations i n  lung tissue is  determined by the decsity of 

the tissue through Hhich they pass. 

g/cm but the average density o f  the whole lung i s  about 0.2 g/m3 b e r m e  of the 

large amount of  a i r  f i i l ed  space. 

i s  apprcrxCmate!y 40 um but i n  a i r  the range i s  about 4 cm for alpha radiations 

near 5 Mev i n  energy. -'bus, because of  the a i r  spaces i n  lung tissue, the 

Lung cells, themselves, have a density of 1 
3 

The range o f  alpha radiations i n  so l id  tissue 

._ . 

i 

average range for alpha radiations f r o m  plutonium i s  approximately 200 um. 

!nhaled particles may be deposited and retained near less dense structures while 

others may be near m re  so l id  tissues so that the ranges of  the alpha radiations 

are highly variable in lung tissues. Breathing i t s e l f  also changes the average 

lung density. 

Ranges of  alpha radiations i n  tissue are illustrated in  Figure 3 for two 

The first fs for solfd tissues with a density of  I g/m . 3 
simplified models. 

The second i s  for  t issue of uniform density, 0.2 g/an , but does not consider the 3 

f ine structure as exists in  actual lung tissue. The number of  alpha emissions 

passing through a unit volume of  tissue in  a given time decreases with increasing 
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and less  dense (0.2 g/cm3) tissue. 
the unit density tissue and 200 pm 

and 
7s 

Figure 3. Example o f  the range of alpha radiation i n  unit density (1 g/cm 3 ) - 
The alpha range i s  40 pm i n  
n the less dense t! we. The 
0.03 p C i  have been chusen to 
ocated near the end o f  the 

particle act iv it ics  of 0.75 pCi 
yield one h i t  per day to the ce 
corresponding a1 pha ranee?. 
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distance from the lart ic le.  I f  we assume a cross sectional area for lung cel ls,  

then the number of cell h i t s  can be calculated as a function of distance from a 

particle with a giwr, amount of  radioactivity. A sample calculation i s  also 
sham in Figure 3 for  cel ls  with a cross section of  225 urn 2 (assuming cubic cel ls  

15 vm on a side). Actual lung cel ls  are irregular i n  shape and can have mucn 

larger or  smaller cross sectional areas for some aspects but the alpha radiation 

may be incident from any direction. 

From these simplified models, it can be seen that the number of  cell h its  

per unit time varies greatly for any group of  cells within the range of the 

alpha radiations. 

be h i t  only a few tines per day. 

neap the end of the range of  the alpha radiations receive approximately 1 h i t  per 

day. These are the dose rates that are postulated to be of most concern l l  :he 

For a particle containing 0.75 pCi, cells beyond 100 p m  will 

This i l lustrdtion was chosen because the cells 

"warm part ide"  hypothesis. 

ce l l s  within 200 urn of a particle are also more than 100 pm from the particle. 

For particles of lower activity, the cel ls  that receive about 1 h i t  per day are 

just closer to the particle. 

I t  should also be noted that about 90 percent c i  the 

Several reports have described the radiation dose rates near alpha-emi tting, 

radioactive particles i n  lung tissue (Sinders and Oionne, 1970; Anderson et al., 

1973; Diel, 1978). Diel projected the actual tissue structures i n  the neighbor- 

hood o f  particles deposited i n  the lungs of  Syrian hamsters. A typical pro- 

jection i s  shown in  Figure 4. Using these projections and assuming unit density 

fo r  spaces f i l l ed  by lung cells, Diel calculated alpha particle ranges i n  the 

alveolar region. 

to 400 urn and the dose rates around the particle varied by several orders of  

mgn i  tude. 

These are also shown i n  Figure 4. Here the ranges extended out 

The previous exposures of  people and laboratory animals to plutonium have 

generally involved polydisperse aerosols, le. aerosols containing a wide range 
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Figure 4a. Dose rate as a function of position around a 0.2 ~fm ret1 
diameter 238Pu02 particle located in the deep lung of a 
Syrian Hamster. (Diel, 1978) 

I 
I 

Figure 4b. Fraction of alpha particles penetrating a given distance 
from a 0.2 pin real diamter 238Pu02 particle in the alveolar 
region of a Syrian hamster. Average over six different 
regions in three different animals (2160 alpha tracks). 

(Diel, 1978) 

Dashed line represents 0.2 g/cm 3 uniform density tissue. 
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of particle Sizes. Monodisperse plutonium aerosols, those which contain par- 

t ic les  of only one size, can only be produced with some diff iculty i n  the labora- 

tory but never occur in  the environment. In a l l  the previous inhalation expo- 

sures which form a basis for  our )rea?th r i sk  estimates, some lung cel ls  have been 

fmd ia ted  a t  very high rates, some at  low rates and some not at  a l l ,  depending 

upon their proximity to particles containing the varied amounts of radioactivity. 

Typically, 1,COO to 1O,OOO,CilO particles were deposited i n  the lower respiratory 

tract. AS described above, the particleb are cleared by mechanical movement up 

the respiratory tract or to lymph nodes with retention times between 1 and 1000 

days. The particles deposited i n  the lung also fragment and dissolve in  time 

creating an ever changing radiation dcse pattern i n  the surrounding cell popu- 

lations. A l l  of this  occurs i n  an expanding ana contracting lung volume with 

ce l l s  having varied lifespans. No exposures have ever occurred wherein lung 

ca l l s  have received only one type of radiation dose pattern or dose ra*.e, nor 

w i l l  such exposures ever occur i n  the future for plutonium dispersed i n  the 

environment. Conversely, many inhalation exposures of people and laboratory 

animals to Insoluble partfcles ccntalning alpha-emitting radionuclides have 

occurred in  the past and included particles which fit the definitions of "hot 

particles" and "warm particles". These exposures +ave provided the basis for 

determining quantitative r i sk  factors for irradiation of lung tissues. 

' Hazards Associated with Nonuniform Irradiation 

I n  1972, the National Academy o f  Sciences Advisory Comnittee on the Bio- 

logical Effects of  Ionizing Radiation (BEIR) completed its .uantitative assess- 

ment o f  the hazards o f  radiation exposures to people. Their r ev iw  o f  radiation 

induced health effects included studies of the Japanese atomic bomb survivorsr 

German patients treated for ankyloslng spondylitis, children irradiated for 

enlarged thymus glands, 226Ra exposed "Dial Painters", early fluoroscoped patients, 
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U. S. uranium miners, Newfoundland fluorspar miners and cancers caused by pre- 

natal irradiation. The incidences of health effects were plotted as functions of 

radiation dose levels and the slopes o f  tnese l ines were given as the number of 

cases per mil l ion people per year for each rem to the population. These recm- 

mended health r i sk  estimators were principally for cancers and genetic defects 

and they are currently the most widely used r i s k  information on radiation expo- 

sures. However, the BEIR Comnittee also considered the issue of "hot spots" or  

particulate sources as possible enhanced inducer* of lung cancer. 

I n  1974, a report was published by Tamplin and Cochran requesting a reduc- 

tion i n  the current radiaticn standards governing the internal exposure of  man to  

insoluble alpha-emitting radionuclides. They concluded that these radiation 

protection guidelines should be reduced by a factor of  115,000. Tamplin and 

Cochran pointed out: 

"It would take 53,000 particles ...( l urn i n  diameter, 0.28 pCi) 
... to reach the MPLB (Maxfmun Permissible Lung Burden) of 
0.016 uCi which results in 15 rem/yr to the entire (1000 g) 
lung. However. .. these particles would irradiate only 
3.4 g o f  this  1000 g lung, but at a dose rate of 4000 rem/yr 
... these particles result in  an intense but highly localized 
irradiatlon. A fundamental question is, then: i s  this 
intense but localized irradiation more or less  cancinogenic 
than uniform Irradiation?'' 

The "hot particle" question was reviewed by the Natlonal Academy o f  Sci- 
ences, BEIR Comnittee in a report published in October 1976. The surmary of 
their evaluation of  the Tamp1 in-Cochran rationale follows: 

"The exposure pattern in the deep lung to insoluble 
alpha-mi tting particles always involves focal irradiation. 
Particles deposited in the alveoli are transported through 
the lymphatics and concentrated around the respiratory and 
terminal bronchioles. Hence, the problem for insoluble 
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particles does not represent a cmpariscn of uniform and 
focbl exposures, but a comparison of  the relative effects 
of greater numbers of small particles compared to smaller 
numbers of large particles for the same total lung burden. 

Radiobiologic theory supports the conc?pt that for 
respirable-sized particles distributed i n  a tissue, the 
number o f  cells traversed by alpha radiation, and probably 
also the carcinogenic r i sk,  increases with increasing 
particle s ize or particle activity and reaches a maximt,,a at  
a given particle size or particle activity. A t  particle 
s i res  or particle activit ies above this maximum the probability 
of multiple traversals of single cells increases. thvs 
increasing lethality. This results in  a reduced carcinogenic 
r i s k  since dead cells cannot become cancer cells. 

On the other hand, radiobiologic theory also supports the 
concept that if the alpha activity is distributed throughout 
the tissue, the number of cells that receive only single 
traversals or sublethal events of sme nature increases 
with the amount of  alpha-emitters present i n  the lungs and 
the cancer risk increases similarly. Of course, at very 
high concentrations of  alpha-cdtters the number o f  cel ls  
receiving multiple traversals increases and the r i s k  of rad- 
iation pneumonitis and fibrosis becomes more significant, 
while the cancw r i sk  decreases. Experimental efforts to 
verify these concepts are continuing, but results to date 
do not contradict this description. 

independent of the geometric distribution of  the particles in  
the lungs. 
that particle size may affect the distribution, and hence the 
r i sks ,  among various tissues. N e v e r ,  experimental evidence 

suggests that because of competing tendencies i n  this  dis- 

In experimental animals the carcinogenic r i s k  i s  reasonably 

I n  a complex organ l ike the lung it is  possible 

tribution, the 
particle sizes 

overall tumorigenic response for  a vartety of  
is  a function of the total radioactive dose 
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involved and is relatively insensitive to differences i n  the 
distrlbution i n  variorls tissues. 

The Geesaman Hypothesis, on which the Tamplin-Cochran 
rationale i s  based, has m r i t  only to the eAtent that  tissue 
damage which results i n  permanent structural disorganization 
can have an enhancing effect on the tumorigenic response to 
carcinogen exposure. The postulate that structural dis- 
organization, per sc, produces tumors has been shown to be 
true only i n  the endocirine system where hormonal feedback- 
regulating mechanisms operate from one organ to another 
(e.g., the ovary and pituitary glands). Under these circum- 
stances gross destruction o f  organs (not microscopic fwal 
derangements) can be a condition for a tumorgenic response. 

Geesman's postualte, that the damage produced i n  the 
lung by a single plutonium particle would have the same 
probabil i ty o f  causing lung cancer as t h a t  observed i n  the 
irradiated rat skin, makes the following unwarranted asswnp- 
tions about the pathogenesis o f  radiation-induced tumors 
i n  the rat skin: a )  that  atrophic fol l icles ,  per se,  
cause skin tumors ( i  .e. , that  structural disorganization of 
this type i s  tumorigenic) a t  a relatively low probability 
of  1 In 2,000; and b) that  focal irradiation of hair follicles,  
as would occur from stationary plutonium particles adjacent 
to hair fol l icles ,  causes atrophic follicles and skin tumors. 
Since the Geesaman Hypothesis could hardly be taken as the 
basis for predicting the yield of tumors, even i n  the rat 
skin, from imbedded plutonium particles, it would be purely 
fortuitous i f  i t  accurately predicted the response of the 
human lung to  p1uton;vrn particles. Therefore, tfie ratlor,ale 
for the NRDC petition appears indefensible." 

To a large extent, the conclusions of the National Academy of Sciences 

Comnittee on "Hot Particles" are based upon studies of lung tunor developtnent i n  

laboratory arimals that received a7pha-emi t t i n g  radionuclides by inhalation or 

6-2-19 

/ 



Intratracheal fnstfllation. The Cm l t t ee  sumnarized and compared the results o f  

these studies to determine the relstive tumor r i sks  for the differnt dose dis- 

tributions of the internally deposited radlonuclides. No attempt w i l l  be made 

here to review a l l  of this evidence but other studies that have boen completed 

since the National Academy of Sciences report w i l l  be included in this discussion 

to present the most current scientlf ic views on the toxicity of  alpha-emitting 

radionuclides <n the lung. 

the relative toxicities of inhaled 238Pu02, 23gPu02 and 244Cm02 i n  rats and have 

sumnarized the dose-effect relationships for  producing lung tumors. Particles of  

2 4 4 ~ 0 2  were much more soluble than either 239Pu02 or 238Pu02. After clearance 

of  some of  the 2 4 4 ~ 0 2  by dfssolution and absorption, the remaining radioactivity 

was more uniformly distributed than after inhalstion of either 238pu02 ur 239P~0,. 

This was demonstrated by autorddiography. 

resulted from exposuros ta 238Pu02. The specific activity of  238Pu02 i s  275 

times that of 239Pu02 and hence a particle of 238Pu02 contains 275 times as much 

radioactivity as a 239Pu02 particle o f  the same size. Hence, for the salne size 

Sanders and Mahaffey (1978) have recently reviewed their previws studies of  

The least uniform dose distribution 

aerosols ana the same total amount of  radioactivity deposited, rats inhaling 

239PU02 had about 275 times the number of  particles as those inhaling 238Pu02 

and a larger fraction o f  the to?al lung irradiated. Therefore, for the same 

average dose to lung tissue, 238Pu02 resulted i n  the least uniform irradiztion of 

lung cel l s  with 239P~02 bejng more unifcrn and 244(%02 praducing the imt unifonn 

irradiation of  the lung c,olls. 

Sanders and Mahaffey plotted lung tumor frequencies i n  these studies vs. 

average radiation doses In the rats exposed to the three aerosols. This i s  

reproduced in Fisure 5. The Jmg tumor incidences at  radiation doses less  than 

100 rads were higher for rats that inhaled 244(h02 or 239P~02 than fcr  rats that 
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Figure 5. Relationship between incident? of lcng tcrnors and 
absorbed rzdiation dose to lucg for Wistar rats inhaliog 
freshly prepared, high-fired ti-ansuranic oxides I Reproduced 
from Sanders and Mahaffey (1978). 
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inhaled 238P~Oz. The authors conc!uded that the more uniform radiation dose 

dfstributions produced the higbest tumor freqdencies per rad o f  radiation. 

L i t t l e  e. fi. (1978) Liudied lung tumor production i n  Syriar* hamsters after 

intratracheal inst i l lat ion  of 21uPo. The dose distribution i n  lurg  t issue was 

varied by i n s t i l l i n g  either a sal ine solution o f  210Po to produce a uniform dose 

or  210Po absorbed onto FeeOZ particles to produce a highly nonuniform dose. The 

mass o f  carrier particles was varied, eicher 3 mg "r 0.3 mg, and :he lung doses 

Were between 50 rad and 2750 rad. The observed tumor incidence i n  the low dose 

animals, 55 rad to 75 rad, was 4 to 8 times greater per rad than observed in the 

high dose animals, 1500 to 2700 rad, but the uniform distribution o f  210Po was as 

effective or  more effective than the nonuniform distribution i n  producing lung 

tumors, Table 3. 

The studies o f  both Sanders and Mahdffey (1978) and o f  L i t t l e  a l .  

(1978) used particles to concentrate the radionuclides into focal o r  point sources 

of alpha radfation. The particles were not a s ingle s ize  but were polydisperse 

i n  s izes so that the focal sources varied widely i n  their  radioactivity contents. 

The range o f  particle act iv it ies  extended beyond "hot particles" on the high end 

o f  the radioactivity concentrations and >elow "warm particles" on the low end. 

More recent studies by Brooks (1979) used monodisperse s i t e  particles of 

239Pu02 to study the development o f  l i v e r  related cancers i n  Chinese hamsters. 

He injected the 239Pu02 particles intravenously causing them to deposit in  the 

hamster l ivers  as focal sources of alpha radiation. 

act ivfty fmm 6 to 710 alpha m i s s i on s  per part ic le per day such that the local 

dose rates varied from 2.4 to 220 radslday, Table 4. Brooks also injected 239Pu 

citrate to produce uniform alpha irradiation of the l i ve r .  The resulting tumors 

included hemangiosarcomas, b i l e  duct adenomas, hepatocellular neoplasms and 

carcinomas. Tumor frequencies and average l i v e r  doses are a l so  shown in  Table 4. 

Although the particles covered a range of act iv i t ies  including both "warm particles '  

The particles ranged i n  
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Table 3 

'Incidence o f  Lung Tumors in Syrian Hamsters Given 210Po by 

Intratracheal Instillation (Little et  a l . ,  1978). 

I Trea tnm t Radiation Nunher o f  Number o f  Tumor Tumor 
Dost? Anina'ls Tumors Incidence Incidence 
(rads) per rad 

210~o in Saline 
1500 38 22 0.58 0.00038 

55 99 9 0.09 0.00160 
.- ' 

210Po on FepOg Particlesa 
(3 m9) 2700 37 24 0.65 0.00024 

. .  
i 

1700 34 15 0.44 0.00026 (0.3 big) 

(3 mg) 75 82 10 0.12 0.00160 

_ .  a. Amount of Fe203 carrier instilled. 
'i 

c- 
- _ I  

. I  

. .' 
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and "hot particles" the greatest numbers o f  tumors per rad o f  dose were produced 

by low dose, uniform irradiation of  hamster l i ve r  cells. 

Many other studies of  the carcinogenicity of plutonium in  the lungs o f  rats, 

rabbits, mice and dogs were sumr i zed  by Bair  et. a. (1974). These w i l l  not be 

discussed i n  detail here except to emphasize that inhalation of plvtonium citrate, 

carbonate, nitrate, acetate and oxide particles a l l  resulted i n  similar tumor 

incidences per rad of  dose. Thus, i n  the hundreds of  exposures of laboratory 

animals to different forms and dc,es of  alpha-emitting' radionuclide;, no dose 

distributions have been identified with greatly different r i s k s  for producing 

lung tumors. 

Currently, studies are i n  progress at the Battclle Pacif ic Northwest Labora- 

tories i n  Richland, Washington and at the Inhalation Toxicology Research Insti-  

tute ( ITRI),  i n  Albuquerque, New Mexico with inhaled plutonium oxide aerosols. 

Beagle dogs have been exposed by inhalation resulting i n  in i t i a l  lung burdens 

ranging from 0.002 to 5.6 vCi.  The studies at I T R I  involve monodisperse aerosols 

n particle act iv it ies  from 0.001 to 50 pCi/ o f  238Pu02 and 239Pu02 which range 

particle. This range of activit ies 

activity than 0.01 pC! "warm partlc 

includes particles a factor o f  10 lower i n  

es" to particles 700 times higher i n  activity 

than 0.07 pCi "hot particles." Some of  these studies have been i n  progress for  

more than 3 years to date. Studies at the Battelle Paciffc Northwest Labora- 

tories also involve inhalation exposures of Beagle dogs to  23gPu02 aerosols but 

these aerosols are polydisperse i n  particle slzes. A comparison o f  the studies 

being conducted at  these two laboratories w i l l  ultimately delineate the relative 

hazards of  different sizes of  Pu02 particles but these lifespan studies w i l l  

require approximately ten years to complete. Preliminary comparisoiis between 

these studies have not indicated a greatly enhanced r i s k  for developing lung 

cancer from inhaling specific sizes of  plutonium oxide particles. 
i * 
i 
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A t  the present time, there is no scientific basis in laboratory animal 

inhalation studies for postulating very high  lung cancer risks from inhaling 

dtscrete slzes of plutonium oxide particles. As noted above, the "hot particle" 

hypothesis was formulated from studies of  tumors produced i n  irradiated rat skin. 

The tumors developed from cells  a t  the base of  hair fo l l ic les .  These are rapidly 

dividing ce l ls  and the optimum doses for producing tumors were just  above 1000 

rad. 

rounding the hair fol l icles  d i d  not result i n  the formation of a significant 

numbei of tumors, even a t  the h i g h  doses. 

others, different cel l  types have show different sensitivities for neoplastic 

changes. Different cell sensitivities have been noted even for lung cel ls  i n  two 

different animal species. Inhalation o f  plutonium aerosols by Syrian hamsters 

results i n  fewer lung tumors for equal radiation dcses than i s  observed i n  rats 

(Sanders, 1977). Thus, knowing the relationship between radiation doses and 

tumor development in rat skin hair fo l l ic les  is not a strong basis for projecting 

the relationships between radiation doses to lung ce l ls  and lung tumor develop- 

ment. This i s  especially true i n  l i g h t  of the many studies of lung tumor for- 

I t  i s  interesting to note that the irradiation o f  epithelial ce l ls  sur- 

Thus, f n  these studies and in many 

mation caused by internally deposited alpha-emitting radionuclides. 

The exceptional hazard attributed to "warm particles" by Martell (1977) i s  

based upon mathematical modeling of  lung tumor incidences i n  cigarette smoking 

people. His model depends upon the assumption that lung cancers i n  cigarette 

0 smokers are primarily caused by 210Po. However, i t  i s  known that cigarette smoke 
. also contains chemical compounds that are carcjnogenic when i n  contact w i t h  lung 
.F 
I cells (Stanton, &. a. 1974). The mathematical relationships used by Martell i n  

predicting the occurrence o f  lung cancers i n  cigarette smokers would apply 

equally well to the chemical carcinogens as to *''Po radioactivity. 
3 
*. 

i 
i Thus, the high radiation risks alleged i n  the "wan particle" hypothesis for 

focal sources of  alpha-emitting radjonuclides i n  lung tissue have never been 8 
I 
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observed i n  any of the previous studies with labbratory animals. Because most o f  

these studies included exposures to particles described by Martell as “warm 

particles,” i t  is  not l ikely that the postulated hfgh r i sk s  actually occur for  

particles having specific levels of radioactivity. 

Studies of Alpha-Emitting Radioactivity i n  People 

Studies of  health r isks  for people who accidently inhaled particles con- 

taining alpha-emitting radionuclides are continuing a t  the present time. Cur- 

rently, no information i s  avai:able to suggest that particles having discrete 

levels of radioactivity art more hazardous than more uniform irradiation of  lung 

tissue. None of the exposures of people have been to aerosols of sfngle sizes, 

but many of the exposures contained particles that fit the definitions of “wan 

particles“ and “hot particles.” 

The BEIR Report (1972) sumnarized data on lung cancer incidences in  uranium 

miners, fluorspar miners, spondylitis patients and atomic bomb survivors. The 

two groups of miners were exposed to alpha irradiation in lung tissues whi:e the 

other groups were exposed to external irradiation, The BEIR Corn; ttee derived 
one r i sk  factor, 1.3 lung tumw deaths/IO 6 people/year/rem o f  exposure or a 

lifetime r i sk  of about 1 x 10-4/rm. This r i sk  factor i s  consistent with lung 

tumor incidences observed i n  the studies with laboratory animals exposed to 

plutonium by inhalation. 

The exposures of  uranium and fluorspar miners were to radon and radon 

daughter nuclides either as gases or attached to the surfaces of dust particles. 

This resulted in irradiatlon of a l l  lung cell types although most of the tumors 

developed from cel ls  in the upper bronchlat airways. These observations stimu- 

lated the suggestion that the bronchial epithelium contained the most sensitive 

cells for lung tumor development. However. other studies by Cihak et. e. 
(1974) on Japanese atomic bomb survivors showed that lung cancers develop from . 
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many different lung cell types after uniform radiation exposures. Lung cancer 

development I n  uranium miners was also shown to be related to cigarette snoking 

by Archer et. a. (1976). Thus, lung cancer development in  these hranan Popu- ,’ 

lations pt-Jably resulted from a mixture of chemical and physical agents and can 

not be used to delineate the relative hazards of  particles or uniformly dis- 

tributed radiations. 

Several other groups of people were exposed to aerosols of  plutonium, one 

datfng back to tLie early days of the Manhattan Project. A sumwry of  a l l  of the 

studies which are being done with workers that inhaled plutonium was given by 

Richmond (1974). These studies include several hundred individuals with body 

burdens ranging up to 0.4 UCi  of plutonium. The Manhattan Project exposures 

occurred over 30 years ago and to date, no lung cancers have developed in these 

people related to the plutonium exposures. 

being studied at the Los Alamos Scientific Laboratory i n  long-term epidemiology 

Even larger groups of workers are 

studies (Voelz et. fi., 1978). These studies may eventually !nclude over 20,000 

individuals with more than 140 having body burdens greater than 20 nCi and 885 

with body burdens between 4 and 20 nCi of plutonium. tung cancer incidences w i l l  

be followed in these plutonium workers to determine the levels of r i sk  over their 

1 if et imes . 
Perhaps the largest group of people with elevated exposures to alpha-emitting 

radfonucl fdes and well documented jncidences of lung cancers i s  cigarette smokers. 

Exposures to alpha radiations occur in smokers because of the presence of 210P0 

i n  cigarettes. Each cigarette contains about 0.4 pCi of 210Po, of which 25 

percent i s  inhaled i n  the mainstream smoke (Radford and Hunt, 1964). Deposition 

of smoke particles contal’ning 210Po i n  the respiratory tracts results i n  non- 

uniform radiation exposures of lung tisstias with significant concentrations of 

210Po betng measured i n  the bronchial epi the1 ium near airway bifurcations. The 

average concentration of 210Po at  these bifurcations measured by L i t t le  et. fi. 

6-2-28 

I 



. 

(1965) was 4.5 pCi/g. The average concentrction of *loPo i n  the whole lung due 

to cigarette smoking was 0.01 pCi/g. Using the dosimetry methods o f  Haque (1966) 

for alpha-emitting radionuclides deposited on tronchial epithelium, the calcu- 

lated dose to  the basal cel ls  of the bronchia? epithelium from 210Po in cigarette 

smoke is between 5 and 15 rem per year. This dose was estimated to be about 10 

rem per year by Litt le  et. at. (1965). 

Annual death rates from lung cancers in males are shown i n  Figure 6 for 

cigarette smokers and non-smokers. 

inct.0. 'es w i t h  age to about 1200 deaths per year i n  a cohort of 100,000 men. 

T h i s  rite then seems to decline after 80 years of  age. In non-smokers, the 

. annual death rate also increases w i t h  age t o  about 250 deaths per year for 

100,000 men at  the age o f  80 years. 

normal death rates for lung cancer i n  non-smokers and aads the risk o f  additional 

In cigarette smokers, the annual death rate 

The third line i n  Figure 6 assumes the 

, bronchial carcinomas which could be attributed to the levels of 210Po present on 

the bronchial epithelium o f  smokers. This additional risk was estimated using an 

annual alpha radiation dose rate of 10 rem/yr to the basal c e l l s  of the bronchial 

epithelium, a rfsk factor of  1.3 x 

latent period of 20 years. Thus, at  the age of 80 years, male cigarette smokers 

have a potential risk of 950 more lung  cancer deaths per 100,000 men than non- 

smokers. About 50 of these deaths per 100,000 men could be caused by *loPo i n  

cigarettes. Assuming that there were no other carcinogens i n  cigarette smoke, 

the alpha radiation cancer risk estimator could not be more than 950/50 or 19 

times higher than estimated by the BEIR committee to account for a l l  the addi- 

tfonal lung cancers i n  cigarette smoking men. 

r 

lung cancers per year per rem and a 

- 

I t  is generally accepted that there are many carcinogenic chemical conpounds 

i n  cigarette smoke (Lee et. - a l . ,  1977). These include polycyclic aromatic 

hydrocarbons and their heterocyclic analogs. They were usually extracted from 
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Figure 6. 

AGE IN YEARS 

Annual lung cancer death rates related to age i n  cigarette 
smokers and non-smokers derived from a study of British 
doctors (Dol l ,  1978). Projected lung cancer incidences from 
210Po in cigarette smke was added to the non-smker incidence 
rates and i s  also shown. The projected incidence due to  210Po 
was calculated by using the BESR estimator for lung cancer 
(1.3 x 
an annual dose rate of 10 rem/yr to  the basal ce l ls  of the 

cancers/yr/rem), a latent period of 20 yr and 

.bronchial epithelium (Litt le  & G. 1965) 
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cigarette smoke condensates and were tested i n  studies with laboratory animals, 

often by painting them on the skin of mice. Although i t  i s  not possible to 

extrapolate absolute risk factors fm mouse skin to other tissues, it i s  possi- 

ble to identify which agents are potential ca-cinogenic agents by using this 

model. Chemical in it iat ion and promotion of cancers i n  lung tissue are l ike ly  to 

be a very important part of the total carcinogenic potential of  cigarette smoke 

and it would not be appropriate to relate a l l  of  these cancers to radiation 

alone. 

Sumnary - 
Risk estimators applicable to alpha radiation in  lung tissue have been 

developed by the National Academy of Sciences BEIR Committee. The data used i n  

these evaluations were taken from uranium miners, fluorspar mifiers, atomic bomb 

survivors and irradiated spondylitis patients. The absolute values of the r i s k  

estimators are in general agreement with lung tumor incidences seen i n  studies 

with laboratory animals that inhaled or were injected with alpha-emitting radio- 

nuclides. The studies i n  laboratory animals also showed no difference i n  the 

number of tumors produced per rad of radiation dose to the whole organ that 

depended upon whether the radioactivity was concentrated in  particles or  dis- 

tributed uniformly throughout the tissue. 

All of the previous exposures of people and laboratory animals to insoluble 

particles o f  239Pu, 238Pu, or 210Po included particles which fit the definitions 

o f  "hot particles" and "warm particles." The BEIR radiation r i s k  estimators are 

consistent with the observations made of lung tumor incidences i n  a l l  o f  these 

studies. A1 though these studies included many hundreds of  exposures tc  different 

f o n s  of  alpha-emitting radionuclides, none resulted in markedly different tumar 

frequencies per unit o f  radiation dose in  the low dose ranges o f  greatest interest. 

Thus, there is no basls in sttidies of  lung tumor development in people or  
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laboratory animals that would suggest uniquely high r i sk s  attributable to  dfs- 

c x t e  levels of focal radiatfon sources such as Insoluble "hot particles" or 

*warm particles" o f  plutonium. 
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APPENDIX 6-3 

NONTECHNICAL DISCUSSlON OF PLUTONIUM AND 
THE BASIS OF ITS  HEALTH STANDARDS 

R. E. Yoder 

INTRODUCTION 

?he element plutonium has a fascinating attraction for  the public 
fo r  several reasons which include: 

a) I t  i s  the first man-made element produced i n  any s i gn i f i -  
cant quantity. 

b) I t  extends the ava i lab i l i t y  of natural f i s s i l e  materials 
(uranium), when used as a reactor fuel, 

c) It i s  used as an energy source i n  heart pacemakers. 
d) I t  is very radiotoxic and a potent cancer producer. 
e; I t  remains radioactive for a very long time, a property 

which requires extraordinary care i n  its disposal. 
f) I t  can be used fo r  nuclear Explosives. 

I n  t h i s  discussion an attempt i s  nade to discuss i n  layman’s terms 
some of  the information known about plutonium which may a s s i s t  the 
reader of t h i s  Environmental Impact Statement. Specific references are 
not supplied but the interested reader can use the general references 
noted at the end o f  the section as a guide t o  the more technical litera- 
ture. 

PRODUCTION OF PLUTONIUF; 

I n  nuclear reactors, the element uranium (which i s  the fuel) under- 
goes numerous nuclear reactions, some o f  which lead to elements not 
found i n  nature i n  detectable quantities. One of these elemer.ts i s  
p? uton ium. 

Several types o f  nuclear reactors have been developed, Nuclear 
reactors operate by placing f i s s i l e  material, such as uranium, in a 
suitable physical arrangement to permit a self-sustaining reaction by 
e f f i c ient l y  using neutrons produced by the f i s s i on  reactions. Basical ly  
they a l l  operate s imi lar ly  but are designed differently because of the 
purpose they are intended to  meet. Orig inal ly,  reactors were fueled 
with high-purity natural uranium, which i s  made up mostly o f  uranium-235 
and uranium-238, embedded i n  graphite (carbon). 
more uranium-235 than i s  present i n  the natural element. 

Enriched uranium contains 
The avai labi l i ty  

o f  the rarer uranium isotope, uraniurn-235, has permitted the construction 
of (1) power reactors, using low-enriched uranium, (2) f a s t  reactors, 
using nearly pure uranium-235, and ( 3 )  experimental reectors, using many 
enriched levels  o f  uranium. 
reactors; however, the quantity produced varies. 

Plutonium i s  produced i n  a l l  of these 
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Plutonium production is initiated in a nuclear reactor when an stcs 

Neptunium decays 
of uranium-238 absorbs a neutron to become an unstable atom of uranium-239, 
which decays by beta emission to become neptunium-239. 
by beta emission to plutonium-239. Figure 1 depicts the production of 
plutonium from uranium. These radioactive decays occur while the fuel 
is in the nuclear reactor, and the parent atoms are subject to further 
interactions with neutrons. Thus, neptunium-239 can absorb a neutron to 
became neptunium-240, and plutonium-239 ran absorb a neutron to become 
plutonium-240. In this complex manner several plutonium isotopes are 
produced. Figure 2 identifies the isotopic mixture of plutonium produced 
in a reactor operating at a spaclfic power level for several periods of 
time. For military purposes one desires to maximiie the fraction of 
plutonium-239 in the mixture, so’that a 100-day irradiation would produce 
an isotopic mixture suitable for use at Rocky Flats. Longer periods of 
Irradiation would produce plutonium with a smaller fraction of plutonium-239. 

After the appropriate time in the reactor, the uranium fuel, the 
fission products, the neptunium, and the plutonium are removed from the 
reactor and set aside to allow any existing neptunium-239 to decay to 
plutonium-239 (about 30 days). To allow time for fission products to 
decsy, thus simplifying reprocessing operations, the fuel elements may 
be held longer. 
element in a strong acid, sxh as nitric acid, and chemically separating 
the uranium, plutonium, and other, fission products. 
reused in other fuel elements but the fission products are waste which 
require disposal. 

Reprocessing includes dissolving the uranium fuel 

The uranium can be 

I I’ HAND t I NG TECHNIQUES 

At Rocky Flats, plutonium metal produced by the described nuclear 
/ 

cycle is an essential ingredient in many manufacturing processes. 
Plutonium is worked by the normal operations encountered in any metal 
working industry. However, as described in Chapter 2 of this €IS, there 
are extensive measures taken to prevent the metal from coming into 
contact with people. At Rocky Flats, plutonium ingots are received in 
sealed containers. When needed, the containers are placed inside glove- 
boxes in which the plutonium is removed from the sealed Container. from 
this point on, the metal remains in gloveboxes until its final assembly 
permits its removal in a sealed container. 

Because plutonium is expensive and cannot be wasted, all chips, 
furnace residues, powders, and other scrap produced in the production 
operations are carefully CGtlected for reuse. 
ciently pure, it is reintroduced into the melting furnace with additional 
new ingots or, if impure, it is sent to chemical recovery where the 
metal is dissolved, purified, and reduced to metal again. 

Reactive forms of plutonium, as with many other metals, including 
steel, are easily ignited under certain conditions (i.e., machine turnings, 
finely divided powder, etc. ). 
i n  an inert atmosphere using dry nitrogen, argon, or heliva, rather than 
air. Thls reduces the risk of fire. 

\ If the material is suffi- 

Therefore, many operations arc conducted 
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-239 NUCLEUS 

Whca o uranium-235 atom cap!~res a n d r o n  h Bs R U ~ I U .  fl 
jissiowt to produce fw radimcfiue nuclei of fission-producf eft- 
neats.m nvrrogcof 2.5 neutrons.and 200 Mcv of energy. Alihoqh 
Ue energy produced is imporfan:. ibe p~oduClior of more 1- one 
aeJron for fhc oae capfured is even more impoortad because t h d  
fs d makes possible fhe rapid buildup of a cha* reaction. The 
radioactive waaium-239 nucleus. lotmed d.en a ur~ium-238 
amclew captures a nrulron, decays wrlh a bdf -b fe  of 23.5 muYIer 
by emitting a be& particle (essenlially 011 rlcclrod lo form 
replwiYm-239 haviw a hay-Qle 01 2 3 5  days. la 1 ~ .  1he 
reptwium-239 rvctevs clso emits a beta porlicle. d is *US 
converted l o  long-lived plutonium -239. 
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FIGURE 2 

FRACT IONAL 0 I STR I BUT ION OF PLUTON I UM 
ISOTOPES IN A NUCLEAR REACTOR 

OPERATING AT 33,000 MWD/T 

,/ 
/ 

Fract ion of Mixture by Weight 
Plutonium for Days in Reactor 

- 330 Dayg 660 Days 1100 Days I sotope 110 Days 

Pu-238 0.0002 0.0017 0.0063 0.0183 

0.5841 Pu- 239 0.944 0.8393 0.7057 

Pu-240 0.0517 0.1318 0.1863 0.2428 

0.0252 0.0698 0.1155 

0.002 0.0126 0.0393 

Pu-24 1 0.0037 

Pu-242 0.0001 

Plutonium 
I sotope 

Decay 
Type 

Daughter 
Half l i fe")  I sotope 

a 87.79 yrs. U-234 

a 24,082 yrs. U-235 

a 6,537 yrs. U-236 

Pu-230 

Pu-239 

Pu-240 

Pu-24 1 
.- 

6 14.35 yrs. A m 2 4  1 

(1) "American National Standard Calibration Techniques fo r  the Calorimetric 
Assay of Plutonium-Bearing Solids Applied to Nuclear Materials Control ,I1 

ANSI N15.22-1975, American National Standards Institute, Inc., June, 1975. 
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HEALTH IMPLICATIGN 
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Plutonium decays by alpha particle emission except for the isotope 
Alpha particles plutonium-241, which decays by beta particle emission. 

are nuclei of helium atoms. Plutonium is not the only alpha particle- 
emitting radioactive element. There are many elements which similarly 
decay; for example, uranium, thorium, radium, polonium, bismuth, and 
lead. 
in nature, and all are in man, because they are present in the Cood we 
eat, the water we drink, and the air we breathe. At the tir . emission 
from plutonium nuclei the alpha particles are electrically cllarged and 
moving very fast. These charged particles leave a dense trail of ionized 
atoms in the nedium even though they travel only a very short distance. 
This secondary ionization in living tissue may result in health effects. 

After the discovery of radioactivity in 1896 by Becquerel, Madame 
Curie in 1898 separated radium from uranium ores mined in Czechoslovakia. 
Radium, an alpha- and a gamma-emitter, was discovered to exist in natural 
hot springs which frequently were developed into spas in the early 
1900's for use in the healing arts. Radium ais0 was shown to be B 
fluorescent activator of zinc sulfide which, when the two were mixed 
together in a binder of glue and applied to aircraft instruments or 
wristwatches, enabled people to reaa the dials in the dark. During and 
after World War I, the United States was a prime manufacturer of radium 
dials for military and commercial purposes. 

The workers who painted the numbers or letters on these instrument 
dials kept their paintbrush tips pointed by touching them to their 
tongue. It was soon noticed that lip, buccal (cheek), lung, and bone 
cancer was developing in some of the workers. In time, these obser**ed 
changes were traced to the radioactive material used in the paint. 
Several types of radioactive materials were used in the United States in 
compounding the luminescent paints, and the final determinatbn ot ?.he 
dose received by each employee in the painting process is still incomplete. 
Based on the observations of the radium dial painters, individuals 
treated with X-rays, the health profiles of radiologists, animal experi- 
ments, people who used radium for therapy, and others, sufficient infor- 
mation has been accrued to permit the establishment of radiation exposure 
limits which are safe for industrial workers. 

All of these are naturally occurring, which means they are found 

Thus, it has been documented that no significant health effects 
such as cancer, have been observed in any individual who assimilated 
less than 1 microgram of radium or its equivalent radioactivity. 
quantity is presumed to be the limit below which significant effects are 
not observed. Because all people have not been traced in the radium 
study and because an initially healthy population is assumed, an absolvte 
statement cannot be made regarding a lower (thre;hold) limit which 
produces health effects. 

plutonium health limits are in part based upon the above mentioned 

This 

This background discussion regarding radium is important because 
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studies, human observation, animal studies, and biological analysis. 
The radioactive elements heavier than lead tend to move i: the body as  
described belod. Each element behaves differently in the h d y  and may 
concentrate tc different degrees i n  the several body organs. 
kncwn regarding the effects o f  bone depositing alpha-erai tt ing radioactive 
materials have pointed to  a conclusion that i n  a working lifetime of 
SO years if one does not accumulate a radioactive material i n  the body 
which produces a doEe exceeding that produced by 0.1 microgram of  radium, 
then deleterious effects should not be observed. 
the value a t  which health effects have been observed.) The limits o f  
a l l  bone depositing radioactive elements are based upon an equivalence 
with radium. 
concepts o f  radiatiorz damage, energy deposited i n  a body organ, and 
tine. Pluton’unt, which i s  included among bone depositing elements, i s  
limited t o  0.040 microcurie deposited i n  the bone. This quantity w i l l  
produce no additional effects than would be prodclced by 0.1 microgram of 
radium. The difference between the numerical value of the quantities o f  
the two materials l i e s  pr incipal ly  i n  their  different radioactive decay 
rates, and the i r  different f inal deposition patterns. 

Operational ty , to assure the primary standards are not exceeded, 
secondary or derived standards are developed, 
can be used on a day to day basis  to l i m i t  the intake o f  radioactive 
materials v i a  inhalation or  ingestion so that the primary standard i s  
not exceeded. Regarding plutonium, it i s  helpful to describe some 
biological transport concepts to relate more clearly the relationship 
between the primary standard and the secondary standard. 

A. Ingestiori 

being transported to  the stomach, the small intestines, and the large 
intestines. 
digestive tract with no uptake. 
digestive tract to  the blood afid are chemica1,y unaffected by the body 
acids or  enzymes. 
chemically transported from the digestive tract to  the blood. Soluble 
materials include those that are ingested as soluble materials or those 
that can be rendered soluble by the action of body acids, enzymc;, etc. 
Plutonium may be i n  forms which may be either soluble o r  insoluble. For 
conservatism, it i s  usually assumed to  be soluble. This assumption 
maximires the quantity which could enter the blood and be transported to 
other organs. 

The facts 

(This i s  one-tenth o f  

These limits are the primary dose standard and embody the 

These derived standards 

Ingestion describes a l l  modes o f  body intake which involve material 

Insoluble materials are those which merely pass through the 
Tney are not transported from the 

Soluble materials, however, are those which can be 

Soluble plutonium, l i ke  other materials, i s  actively transported 
f r o m  the digestive tract to the blood, which distributes the materials 
to  the various body organs, where it is deposited. 
to every body organ to  provide oxygen (transferred i n  the lungs to  the 
blood), nutrients (transferred from the digestive tract to the blood), 
and remove waste (transferred from the blood to  the kidneys or  lungs i n  
the case of carbon dioxide). 
materials it needs or can assimilate. 
blood by the bone (-45%), by the !fver (-45%), and other organs (-10%). 

The blood circulates 

Body ce l l s  remove from the blood those 
Plutonium is  removed from the 
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z Sone i s  removed by the kidneys and appears in  the urine. Therefore, to 

determine how much plutonium can get to a point of deposition, one nust 
determine how much can get from the digestive tract to the blood. 
suggests lo-* (1/10,000) of the solublc material in the digestive tract 
may get to  the blood (the ICRP recomends a transfer value of 3 x 
Animal experieents conducted under varying conditions have yielded 
values ranging from 1/100 t o  1/1,000,000. 
o f  human biology, the variabil ity of plutonium solubil it ies and other 
experimental variables, a valtie of 1/10,000 has been selected by the 
radiobio1ogi;ts most aware of the entire set of data now available. 

A demonstration calculation involves determining what quantity of 

--.-- 
€PA 

/ 

- * -  Considering the variabil ity 

water or food a person ingests each day. For th i s  discussion, water 
intake qaly i s  analyzed. 
(-1 quart) of water each day. 
of water (25,568 l i ters)  i s  ingested. I f  there were no elimination of 
plutonium from the body and the limiting quantity of plutonium i n  the 
boric i s  taken as 0.04 pCi  (0.0025 pg) then the quantity, Q ,  which must 
not be exceeded i n  water i s  

The average person drinks about 1000 cc 
I n  seventy years (25,568 days) 25,568,000 cc 

- .04(pCi) 1 (fraction to  xL (fraction to  
bone) .45 Q -  b 1 ood) 25,568( 1) lo-' 

x lo6 (T) = 34,765 
iJ' 

For the general public this value is reduced by a factor o f  30 so 
that Q = 1,158 pCi/l. 

- NOTE: This calculation ignores radioactive decay and some 
body eliminaticn and i s  introduced t o  be i l lustrative 
of  methodoloav onlv. 

The quantity of  radioactivity i n  water can be measured and used as 
an indicator to project a total uptake o f  material. 
generally referred to i n  the popular press and most scientif ic journal 
articles refer to the specific values o f  the derived standards and do 
not directly refer to the primary standard. For plutonium, the present 
value of  the maximum quantity i n  water for the general public i s  1666 pCi/l-- 
a value near that derived above which i s  based upon the several simpli- 

activity standard of 15 pCi/ll of alpha radioactivity (except uranium and 
radon) as the l i m i t  for public water supplies and thus has set aside the 
l i m i t  calculated above. 

The standards 

fying assumptions. I n  1977 the EPA promulgated a drinking water radio- 
,- 

B. Inhalation 

4s more complex because the lung i s  a far more complicated structure 
than the digestive tract. 

The accumulation of materials i n  the body via this  route of intake / 

The quantity o f  plutonium transferred froa 
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the air we breathe to the blood is complicated by the difference o f .  
behavior, and lung deposition locations, of different sized airborne 
particles. 
do not pass the nose. 
to the deepest part o f  the lung and particles of in-between sizes deposi- 
tion in the several compartments of the respiratory tract; i.e., the 
nose, the trachea, the bronchia, and the alveoli. In each of the deposit 
locations, the lung removes particles by different mechanisms. 

Soluble materials are transferred from the alveoli to the blood. 
Materials deposited in the upper respiratory tract are flushed to  the 
esophagus where it is swallowed and considered in digestive uptake. 
Insoluble materials are transferred to the tracheobronchial and pulmonary 
lymph nodes where over time some may be transferred to the blood. lhe 
maximum quantity of plutonium permissible in the lung, including the 
lymph nodes of  workers has been set at - 0.016 microcuries, because of 
the relatively long resident time in the lungs of insoluble plutonium 
compounds 

Even though the process is much more complex in the lung than in 
the digestive tract, models exist which permit the calculation of the 
limiting or maximum quantity of plutonium in the air which will not 
permit exceedicg the body limit of 0.04 microcurie. This calculated 
value of radioactivity per unit volume of air is then a derived standard. 
Its value is 2 picocurfes per cubic meter for workers and 0.001 picocuries 
per cubic meter for the general population. Note that the lower air 
concentration value for the general public is one two-thousandth of the 
liml’t applied to occopational workers. 

plutonium in the body is reached only after a lifetime, and that if 
intake i s  reduced to zero at any time, no further accumulation or deposi- 
tion occurs. If one consumes or breathes plutonium at the limiting 
value, no overexposure will occur and for most people the limiting value 
will not be reached because food and water arc derived from many different 
sources, none of which ever approach a limiting value. 
Values in air and water around Rocky Flats are only a few percent of the 
derived standard at most. 

Particles greater than -15 micron diameter (0.0059 inches) 
Particles 100 times smaller than this may penetrate 

In summary, it is important to note that the limiting quantity of 

Actually measured 
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A. Introduction 

The purpose of this report is to present an analysis of the 

potential hazards to individuals in the general population as a result 

of present levels of the transuranium elements existing in the environs 

o f  the USERDA Rocky Flats Plant. 

exposures might occur under present ani3 projected land usages are 

examined and interpreted in light or' EPA's proposed guidelines for 

exposures to the transuranium elements. 

B. Inhalation Pathway 

.The various pathways by which 

1. Ambient Air Concentrations 

Under normal operating conditions, minute quantities of plutonium 

and other radionuclides are released per year to the atmosphere from the 

Rocky Flat8 Plant. 

originate from the plant's ventilation and filtration system. 

ments of airborne radioactivity in the vicinity of Rocky Flats and the 

neighboring communities are made on a continuous basis. 

monltoring the effluent air from production and research facilities, the 

These releases are o f  small magnitude and 

Measure- 

In addirion to 

' 

' 
Rocky Flats facility mainrains a system of high-volume ambient air 

s8atplers within the plant boundary, at off-site locations in tta 

immediate vicinity of the plant, and in several commuiities nearby. 

Altorzther the system comprises 21 air samplers operating continuously 

within and on the perimeter of the Rocky Flats security arear and another 

25 samplers located at various distances and directions from the plant. 

I 

The data from this network are reported on a monthly basis to the Rocb 

Flats Area Office of ERDA, the Division of Occupational andp.diologiul 
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Health of t h e  Colorado E s p a r m t  of Health, the  Denver Rtgiorul  Offica 

of t h e  EPA, t h e  Health De3crrtments o f  E l d e r  and Jefferrou m t i 8 6 D  

and c i t y  officials in aevaral cogmrsfties near the  plant.  

In addi t ion  t o  t h e  sunreiUancs network nmlntained by tht Rocky 

mt8 P l a n t ,  t h e  Health and S a f e t y  Laboratory ( M L )  of EBDb b 0  COO- 

ducted & program of  cont inuow aft sampling for  plutonium at the P h t  

8ince June 197C in response t o  t h e  discovery o f  e levated l e v e l 0  of 

plutonium found in soils at  l o c a t i o n  which vere then off-site. 

network c o n s i s t s  of four  sampling l o c a t i o n s  (Figure 11, t h r e e  of whfch 

are downwind (east) from t h e  o r i g i n a l  l o c a t i o n  o f  the  o i l  drum s torage  

8ite and t h e  fourth air sampler is l o c a t e d  off-site and upwbd from t h e  

Rocky Flats P l a n t  (1). 

par cub& meter of  air (aCi/m )*, a0 reported by this network oa a 

monthly bass8 from June 1970 to  March 1976, are given in Table I. A 

significant downward trend v i t h  time in the l e v e l  of p l u t o n i m  in .ir at  

t h e  r t a t i o n e  dovnviad from t h e  plant can be setn. It has b t t n  8ugge8t.d 

by HASL that thts downward trend i s  a t t r i b u t a b l e  t o  t h e  weatherislg of 

tha contamfnrted soil in t h e  on-s i te  v i c i n i t y  of the  o r i g i n a l  o i l  drum 

r t o r a g e  site. Thio weathering may be due to  t h e  movement of t h e  plu- 

tonium from t h e  sur face  dowa into t h e  soil, as well as changes in tha  

c h a r a c t e r i s t i c 8  of t h e  plutonium r e m i n i n g  on t h e  surface. 

tQ crhoving a decrease  with t i a m  t h e  data i n d i c a t e  a decraaae h con- 

centration with trcreasing dis tance  downwind from t h e  site of t h e  

origiaal s p i l l  area. 

direction of  t h e  prevdliog vioda atouad Rocky Flats, HBSL concluded ia 

1972 (2). 

The RASL 

Air concentrat ion data fn a t t o c u r i r s  o f  Pu-239 
3 

In addit ion 

Based upon a i r  and soil S8atplingD vell  u t h e  

*I attocurie = 10-18ccrie 
2 
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that t h e  o r i g i n a l  s p i l l  area was t h e  primary source  o f  plutonium in t h e  

Rocky Flats environment. 

The current  l e v e l s  o f  a i rborne  plutonium at t h e  downwind edge o f  

the F a c i l i t y ' s  buffer  cone (Indiana S t r e e t )  are approximately t h e  same 

level as reported at t h e  monitoring station upwind from t h e  plant .  

Although these  l e v e l s  are about twice t h a t  expected from background 

r a d i o a c t i v i t y  i n  t h e  Rocky Flats area, t h e  effect of t h e  s p i l l  area upon 

t h e  o f f - s i t e  environment has been much reduced from earlier l e v e l s .  

Comparison of t h e  most recent  RASL data  (1976) for  the Inliana 

S t r e e t  l o c a t i o n  (s i te  2) with the  1975 data  reported by the Rocky Flats 

P l a n t  (Table 11) for t h e  same general  area shows the  two networks t o  

agree within 8 factor of about 2. The values  reported by F&L range 

between 12 t o  23 aCi/m 3 , while  Rocky Flats reported an average of 37 

a C i / m  3 . 
2. 

An assessment can be made o f  the doses received through inhala t ion  

Calculat ion of Inhala t ion  Doaes Due t o  On-Site Contanination 

by individuals  res id ing  off-site based upon the  considerable  amount of 

air monitoring data  t h a t  is a v a i l a b l e  for the  Rocky Flats Plant .  In 

carry ing  out t h i s  assessment, a d e l i b e r a t e  e f f o r t  has been made t o  

choose assumptions which are most l i k e l y  to  result in an overestimate 

of dose. These are: 

1) Inhaled plutonium is considered to be  in an inso luble  form. 

(Chemfcal s o l u b i l i t y  of an a e r o s o l  determines i t s  res idence time in t h e  

lung w i t h  inso luble  compounds being re ta fned  t h e  longest . )  

4 
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2) The plutonium a e r o s o l  is assumed t o  have a lognormal d i s t r i b u t i o n  

with an a c t i v i t y  median aerodynsmic dianreter (PAN)) of  1 microorater. 

(According t o  t h e  ICR? (3) t h i s  rmplies t h a t  approximately 2% of the 

a e r o s o l  w l l l  be deposited in the  pulmonary cospartment of  t h e  lung. 

W L  ( 4 )  has reported 25% of the airborne activity being in t b e  r s s p i r 8 b l e  

range around Rocky F l a t s ,  while Sehmel (5) has reported a 20% r e s p i r a b l e  

f r a c t i o n ) .  

31 The iadfvidual  i s  considered to b e  exposed cont inuous l j  f o r  70 

years  a t  the  current ly  observo,d air concentrat ion.  

in a i rborne  a c t i v i t y  as a r e s u l t  o f  weathering or  remedial a c t i o n s  is 

asemed.  ) 

(No f u r t h c r  reduction 

4 )  All  plutonium measured was assumed t o  c o n t r i b u t e  t o  the dose, 

with no c o r r e c t i o n  being uade f o r  ambient background l e v e l s  of plutonium. 

The PAID code developed by EPA (6) was used t 2  calculate t h e  annual 

dose r a t e .  

relate years  o f  exposure t o  the  r e s u l t a n t  dose rate f o r  var ious  organs. 

Values in t h e  t a b l e s  are normalized t o  an a e r o s o l  concentrat ion o f  1.0 

femtocurie p e r  cubic  meter of air (fCi/m )* with a 1 m AMAD. 

Tables  I11 and N have been generated by t h e  PAID code and 

3 

Indiana Street Location 

Indiana S t r e e t  i s  t h e  neares t  l o c a t i o n  t o  t h e  Rocky Flats Plant  

where an individual  i n  t h e  general  population could present ly  l i v e  and 

b e  exposed as a r e s u l t  o f  transuranium contamination o r i g i n e t i n g  from 

t h e  Plant .  This l o c a t i o n  is in t h e  dovnvind d i r e c t i o n  of  t h e  preva i l ing  

winds t h a t  blow across  t h e  Rocky Flats P l a n t  (7) and, t h e r e f o r e ,  it 

represents  a mrst case €or offs i te  exposure. 

* 1 ferntocurie =IO-'' curie .  

0 
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From Figure 2 it can be seen that stations S-35, S-36, S-37, S-38, and 

S-39 are located along Indiana Street. The station reporting the highest / 

annual average for 1975 0.056 fCifm 3 was S-37 (Table 11). Aastming this 

level to continue for the next 70 years, the 70th year dose rates to 

lung and bone can be calculated. 

As shown in Table 111, an air concentration of 1.0 fCi/mJ for 1 um 

AMAD aerosols of Pu-239 would produce a 70th year dose rate to the 

pulmonary compartment of 0.38 mradlyr; therefore, proportionally, a 

concentration of 0.056 f C i / m  

0.02 mradfyr. 

according to Table IV will be 0.009 mradfyr in the 70th year. 

3 (S-37) will produce a 70th yr dose rate o f  

The bone dose rate associated with this level of Pu-239 

Data on the air concentration of Am-241 have been reported by U S L  

(7) for the years 1970 through 1974. 

levels, measured at the perimeter fence of the Plant, to be approximately 

11% of the Pu-239 levels. 

activity level will reach its maximum value arising from the decay of 

Pu-241 in the year 21333 at which time it will amount to 18% of the Pu- 

239 activity. For the calculation of the dose rate from Am-241, it is 

assumed that Am-241 is at the maximum of 18% of the Pu-239. The 70th 

These data show the americium 

W L  has also projected that the Am-241 

* 

year dose rate corresponding to a concentration of 1 fCifm’ of A 1 ~ 2 4 1  is 

0.4 mrad/yr; proportionally, an air concentration o f  (c1.18) (0.056 

fCl/m would produce 0.004 mradfyr to the p.ulmonary compartment. The 3 

associazed bone dose would be approximately 0.002 mradfyr. 

Based upon these calculations, the total pulmonary dose rate after 

70 years of exposure for an individual living along Indiana Street 

6 
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FIGURE 2 

LOCATION OF 
OFF-SITE AMBIENT AIR SAMPLERS (8). 

COLDEN i 
IBROOMCIELD 

.CREEK 

0 *UTE AIR SAMPLERS 
A AIR SAMPLERS. 3 TO 6 KILOMRZRS t 2 to 4 MIUSI OUT- * -lfv AIR SAMPLERS 
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would be 0.024 mrad/yr, vhile the associated bone dose vould be 0.01 

! 

/- 

aradlyr. 

of the lung and bone dose rates recommended as guides by EPA (10). 

Individuals living further away from the Rocky Flats Plant should 

These dose rates are approximately~2.5X and 0.35% respectively 

r:ceive even lover doses than these due to the laver air concentration8 

reported for the nearby communities. Based upon the preceding analysis, 

the direct impact of the oacrite contamination upon the off-rite environ- 

ment can be judged to be small and vel1 within the EPA guidance limits. 

3. Calculation of Inhalation Doses Due to Off-site Contamination 

A couplate assessment of the inhalation pathway for the Rocky Flats 

vicinity must also consider the potential hazard from the lov levels of  

contaminated soil which already erist off-site. 

raised as to the effect of this material in producing localized exposures 

which are not necessarily reflected in the data obtained thrnugh the air 

monitoring network around Rocky Flats. These inhalation exposures can 

urise through various mechanisms including: wind resuspension of con- 

taminated soil, vehicular and mechanical disturbances of soil, accumu- 

lation asd resuspension of dust within the home, cs well as the resuspension 

of contaminated soil attached to clothing. 

attempt to investigate these exposure mechanisms and assess their potential 

impact. 

Questions have been 

The fctlarfng analysis vi11 

3.1 Wind Rcsuspension 

Pigure 3 shovs the off-site soil contamination contours reported by 

EUSL in 1970 (2). 

not shown these contours to have changed significantly from the 1970 

More recent s o i l  sampling programs In 1975 (8) have 

8 
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report. 

uCi/m . 
a depth of 20 centimeters, 

The highest off-site contour shoun by the KASL data is 0.05 

These contours were developed baaed upon an iuventory s q l e  to 2 

What is important in assessjng the resucpension 

of  s o i f ,  hovever, is only the 

derivation of EPA's guidance, 

to be the top one centimeter. 

material existing near the surface. In the 

the layer subject to eroslon *as considered 

Baaed upon the EIA;;L soil depth profiles, 

Anspaugh (9) has stated that approximately 2QX of the qotal activity is 

contained within this first centimeter. Therefore, the highest contour 
2 2 value of 0.05 uCi/m would correspond to 0.01 )rCi/m when corrected for 

6 1 em. depth. 

2 dishtegratFons per minute per gram of soil, i.e., 2 DPX/grp. The off- 

site area bounded by this ccntour is approximately two square kilometers 

and soil within that area would be projected to be at or above 2 DPM/gm. 

Beyond thia area, off-site soil will generally be below thia value. 

On a tua8s basis, 0.01 )rCi,'m2 is equivalent to approximately 

In developing its guidance (10) to other Federal agencies on 

environmental levels of the transuranium elements, EPA utilized the miss 

loading approach as an indicator of the general resuspension by wind 

over large land areas. Because of technical shortcomings identified 

with the mass loading approach (lo), the Agency modified the concept to  

, 

1 '  

assess .moll areas of coatamination (area correction factor) aud to 

reflect a nonuniform distribution of radioactivity with s o i l  particle 

size (enrichment factor). 

Important because traaOuroaium activity associated with soil particles 

vithin the respirable range is a greater hazard than it would be if 

araociated with the larger partgcle sizes. 

Thio latter modification is particularly 

I 

10 
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The mass loadica approach assumes the loading of the air with 

-1 particulates KO be an index of resuspension and derives the airborne 

coocentration of a specific radionuclide by a comparison with it8 

coocentration on the adjacent surface (11). 
.-- 

Specifically, 

_ -  N r  Concentration (fCi/ll13) - Soil Concentration (ucihn2) x 

u s 8  Loading ("/m3) x U.C.* Eg. 1. 

Mrborne particulate mass loading is one of the criteria for clean 

air standards aad measurements are widely available for urban and 

nonurban locations through the National Air Surveillance Network (NASN). 

The data recorded at ncnurban stations are a better indicator of the 

levels of resuspended material than are urban measurements. 

annual mean mass concentrations of airborne particulate material at the 

nonurban stations range from 5-50 micrograms per cubic meter (Figure 4); 

the mean arithmetic average for 1966 of all 30 nonurban NASN stations 

In general, 

3 
, vas 38uglm (11). From Figure 4 an estimate can be made of the average 

It mass loading for the general area in which Rocky Flats is located. 

would appear that 15 vg/m is reasonably Ttpresentative of this area on 3 

. .  
I 
I 

.o, annual basis. 

Simple application of the mass loading approach without consid- 

deration of the activity distribution as a function of particle size i s  

Rot appropriate, however, since that would imply a uniform distribution 

of  activity with particle size as well as a uniform 

m e r e  U.C. is the units conversion factor based upon the depth of 
sampling and the soil density. 

6-6-13 . 



ANNUAL MEAN MASS CONCENTRATIONS [ug/rn3] OF AIRBORNE 
PARTICLES FROM NON-URBAN STATIONS OF THE US. NATIONAL 

I AIR SAMPLING NETWORK. 1964 - 1965 
I 

FIGURE 4 
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reruspenoion of all particle sizes. 

at Rocky Flats (12) or at other plutonium contaminated sites (13). 

This has not been found to be the c d e  

In 

addition, an important consideration in assessing the potential exposure 

due to contaminated s o i l  is the amount of  activity associated with 

particles within the respirable size range. Johnson (14) has suggested 

that sampling of only those particles in a soil sample which are within 

the inhalable size range (generally < 10 um) would give the best measure 

o f  risk to the public health around Rocky Flats. 

fraction of particles in the less than 10 um range is small in most 

However, the weight 

soilsI and sampling, separation, and analysis techniques are corre- 

spondingly more difficult and inaccurate. There is also considerable 

evidence that some of the larger particles really consist of aggregates 

and are relatively easilv broken down into smaller ones, so that an 

instantaneous measurement of  a single size range may not give a good 

picture of long-term trends. Also a substantial contribution to other 

possible pathways (e.g. Ingestion) may be via larger particle sizes and 

measurement of the contribution of only the inhalable fraction would not 

provide all the information that is required. 

In order to adequately assess the potential hazard o f  the inhalable 

fraction of soils, while retaining the advantages and convenience of 

analyzing the entire soil sample, the Agency modified the mss loading 

approach by use of an "enrichment factor". While such a concept does 

not have universal acceptance, and the scope o f  Its applicability has 

not yet been determined, the Agency believes that it represents a useful 

method for the purpose intended and it has therefore been used in this 

evaluation. 

13 
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3.1.1 Enrichment Factor 

The "Enrichment Factor" is intended to I) give a mathematical view 

. of  the different fractions o f  the total radioactivity associated with 

p8rticles of different size ranges, and 2) address the problem of the 

nonuniform resuspension of particle sizes. t 

The inhalable fraction of the soil is weighted by considering the 

relative distribution of activity and soil mass as a function of 

particle size for representative samples of soil. To accomplish this, 

the sample of contaminated s o i l  is segregated into "n" size Increments 

and the activity and mass contained within each size increment is 

determined. The factor gi is then defined as the ratio of the fraction 

O f  the total activity contained within an increment "i" to the fractioi. 

of the total mass contained within that increment. 

1 for gi implies an enrichment o f  activity in relation to mass, while 

a value less than 1 indicates a dilution of the activity vith respect to 

mass. For gi equal to 1, the fractions of the activity and of the total 

mass contained within increment "I" are the same. 

A value greater than 

The nonunifom resuspension of particle sizes is also considered 

by measuring the ELBSS loading as a function of particle size. 

fraction of the airborne mss contained within each size incr-ent "I" 

is then calculated and designated as fi. The factors o f  fi and gi are 

then incorporated into the mass loading formulation as follovs: 

The 

Mr Concentrationi - Air ?fass Loading xfix Soil Concentration xg i 

En. 2 

14 
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Sumnation over all the size increments results in the total air 

concentration: 

N r  Concentration = Air Mass Lcading x Soil Concentration 

x z fili Eq. 3 
n 

1-1 
n 

The term C figi weights the contribution of the 
i=L 

plutonium from each soil size fraction to the total resuspended material, 

thereby, taking into account both the nonuniform resuspension of 

particles sizes as well as the non!!omogeneous distribution of activity 
n 

with particle size. C figl i s  the "enrichment factor." 
i-1 

Data on the distribution o f  plutonium with SOU particle size 

has been obtained by the EPA (12) for the vicinity around Rocky Flats 

(Table V) .  

and indicates an enrichment of activity to mass associated with soil 

The ratio, gi, has been calculated for each s ize  increment 

particles within the respirable size range. 

obtained by Chepil (15) for fields undergoing wind erosion in Colorado 

and Kansas were used. 

plotted by Slinn (16) and reproduced as Figure 5. 

data with another study substantiates the applicability to the Rocky 

Plats situation. 

10 um versus a study by Willeke (17) in an area outside Denver where 

approximately 33% of the measured airborne mass was below 10 pin. 

Values for fi used in this analysis are included in Table V. 

To obtain, fi, the data 

The results of his findings have been conveniently 

Comparison of Chepll's 

Chepil found 30% o f  the airborne mass to be belov 
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3.1.2 Correction for Area Size 

Use of the PBSS loading approach implies chat the air concentration 

18 at equilibrium with the ground surface, i.c., a steady state situa- 

tion exists in which the amount o f  material e&g up from the curface 

is balanced by the rate at vhich material is dtpoeiring back onto the 

surface. 

source areas approaching infiuite dimcnsiorrs. 

dimensions, a correction must be applied for area size. 

In the strictest sense this limit can only be achieved for 

For sources of finite 

Although many techniques are presently undtr development to 

calculate the air Goacentration arising from an area source, no 

generally accepted method has yet been identified. Usually, these 

approaches make use o f  a standard diffusibu equation, modified to 

handle area sources. One such equation is the Suttoa-Chamberlain 

diffusion equation: 

3 vhere x is the air concentration, Ci/m 

QA is the amount o f  activity resuspending per unit area, 
2 per unit time, Cffm sec 

Vd is the particle deposition velocity, mjsec 

Dy and D2 are the distances from the receptor to the Dearest 

and furthermost edges respectively o f  the source area, meters 

u I s  average wind speed, d s e c  

. 

17 
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Cz and n are Sutton parameters representing the 

meteorological conditians. 

If the receptor i s  placed at the dovnwind edge or within the source 

areas D1 0 and Eq. 4 reduces to: 

__c -- 

nl2 
11 1 'd '2 L- - (1 - exp(- 

'h 'd G c z n u  

For source areas approaching infinite depth, D2 + and 

Eq. 5 becomes: 

L*- 1 
'A 'd 

Comparing Equation 5 with Equation 6 shows that 

Eq.5. 

Eq.6. 

n12 

G C z n  u 
[l- e-(- 4vd D2 ) ]  i s  the correction term to be applied for areas 

in 1975. 

Equation 4: 

Healy (18) has suggested values for the parameters required in .. 
for the situation of neutral stability, Healy suggests 

V = .1 and n - .2Ss while the ratio d/*, which depends upon the cz 

of finite size, 

The area under consideration in this analysis has been described 

earlier. 

(Figure 3) with a width in the downwind direction of approximately 1 

kilometer. 

includes sites of projected residential development. 

for the Rocky Flats area has been described (8) to have neutral 

stability at least 50% of the time with a mean wind speed of 4.2 dsec 

It i s  bounded by Indiana Street and the 0.05 vCi/m2 isopleth 

This i s  the most highly contaminated off-site area and 

The meteorology 

18 
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surface roughness, ranges between 0.003 and 0.008 for grassland, 0.005 

vi11 be assumed. Therefore, from Equation 5 the correction factor for 

the area under consideration is 0.66. 
c/ 

3.1.3 Calculation of the Average Air Concentration Due to Wind 
Resus pens ion , 

The average soil concentration for the area is not kuovn, but it 

would be somewhere between 0.05 u C i / m  2 and the next higher isopleth o f  

0.5 vCi/m 2 . Ior calculational purposes, 0.25 uCi/n 2 will be assumed or 

hpproximately 10 DPM/g (based upon 20% of the radioactivity within the 

first centimeter). By using the parameters developed in the previous 

sections for  the Rocky Flats area, one can estimate the average air 

concentration due to wind resuspension: 

Mass Loadingx Soil Concentration x Enrichment Factor x Area Correction = 

Air Concentration 

l5 x lo @! x 1.49x.66 x 2 x ci - Air Concentration 
m 3 g '' 2.22~10'~ D3M 

fCi - fir Concentration 3 m 
3 

/ 
This calculated value of 0.066 f C i f m  agrees within a facet of 2 

vith the data obtained for the sampling statioris along Indiana Street 

and, as demonstrated earlier, this level o f  airborne plutonium would 

produce exposures well below EPX's guidance limits. 

Inherent in the above calculation were some couservative assumptions. 

First of all, the wind was assumed to be biowing 100% of the time across 

64-91  



/ 

. .. . . 

. .  
1- - 

I .  

.I .. '. 

the contaminated area in the dfrection of the receptor. 

reported ( 8 )  vind rose 'for Rocky Flats indicates that the wind blows 

In reality, the 

froa the westerly direction only about 50% of the time; she remaining 

tiwe it will be blowing from the direction of less contrminnted l a n d  

and, therefore, less radioactivity would .>e available for resuspension. 

Secondly, in deriving the area cor?ection factor the effect of breathing 

height was ignored with the ground level concentration being calculated. 

This i s  a conservative assumption since the airborne coucentration will 

decrease as a function of the height above the ground. Although such 

refinemeats could have been incorporated in the calculation, it was not 

felt to be necessary because even these conservative assumptions 

resulted in air concentrations well below the Agency's proposed guidance. 

3.2 Resuspension of Soil by Mechanical Disturbances 

The use of land contaminated with transuranium elements in the 

vicinity of Rocky Flats for agricultural or building purposes can 

result in localized resuspension and presents a potential inhalation 

hazard to individuals in the immediate vicinity o f  the operation. In 

the vicinity of Rocky Flats, there is some fanning o f  wheat and the 

raising of corn f o r  livestock feed. Future development of the land 
I 
I for residential purposes is also being advocated. Although only a 

limited w u n t  o f  experimental data are currently available to base an 

assessment of the inhalation hazard from such activities, some con- 

clusions end recomaendations can be made. 

In assessing the agricultural situation, data obtained by 

Wlham (19) have been utilized. In that study, a fiald contaminated 
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with plutonium near the Savannah River Facility was subjected to various 

ploving and seeding activities associated with planting wheat. 

increase in the airborne activity above that from normal wind rcsurpen- 

The 

elon w8s monitored at the location of the tractor operltor and at 

the downwind edge of the field during the various activities. An 

average increase of a factor of 39 was observed in the level of 

reewpended plutonium at the location of the tractor operator and an 

increase of a factor of 5 at the edge of the field. 

observations, the average air concentration for the year can be cal- 

Based upon these 

culated for these two locations, assuming that the field is cultivated 

30 days o f  the year 8 hrs/day. Again the area under consideration rill 

be that area of highest off-site contamination described earlier with an 

average soil contamination level of 10 DPMfg. 

of wiad resuspension, this level of soil activity produced an air con- 
3 centration of .066 fCi/m . From Milham’s data, this activity level 

would increase to 2.0 f C i / m  at the location of  the tractor operator and 

3 to 6.33 fCi/m at the edge of  the field during the agricultural 

operations. The annual average concentration at each location is 

tnerefore: 

In the previous discussion 

3 

- 

1. Tractor Location, Average Annual Air Concentration 

2.0 fCi/m 3 x 24 8 x - 30 + .066 fCi/m 3 x 26 16 x 366 30 + .066 fCi/m 3 x 
360 

330 3 - = 0.07 fCi/m 360 

When these annual Pu-239 concentrations are compared to the value 

of  2.6 fCi/m which vas calculated by the PAID code tc cor=espond with 3 
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EPA'r dore l W t r ,  one can conclude th.t a g r i c u l t u r a l  oporatioPs fn the  

.. . 

& r u  of Rocky P l a t r  would produce activity l e v e l s  well within EPA'r 

@ i d d i n e r .  

concentrat ion should So d i l u t e d  by 

r u r f n c e  a d  rubeeqwnt  plovingr vould produce air concantration l o v e r  

than that of tho  firrt year. 

In addi t ion ,  after tha ffrrt plowing cycle, the  rurface 

v i t h  r o i l  from below t h e  

Regarding bui ldlng a c t i v i t i e r ,  m e  CUI d e  pro jec t ion8  based upon 

-- t b a  a g r i c u l t u r a l  r i t w t i o n  examined above. 

any reason why bui lding a c t i v i t i a 8 ,  such as excavation and grading, 

ubould produce higher  inataataaeow air concentrat ions  than those  

obeerved during agricultural ploving and, therefore ,  should not  present 

a more r e s t r i c t i v e  s i t u a t i o n .  

a c t i v i t y  might take place Cor greater than t h e  30 days arsumad in t h e  

plowing s i t u a t i o n ,  it must be kept in mind t h a t  the  EPA guidel ines  are 

There does not appear t o  bo 

-_ In addit ion although the  building 

based upon a chronic  exposure f o r  70 years. 

operator  would not: bo engaged in  a bui lding operation in an area o f  

tramuranium contamkyation f o r  that number o f  years. 

Cer ta in ly ,  the  bulldozer 

3.3 Reeu8penrion of Dust Within t h e  Home 

Tha t o t a l  out  of * o i l  continuously in t h e  home i s  not Itnova but 
2 an assatuption o f  10 g/m ha8 been &e (20). 

3 lbe o f  s o i l  in a modest 1500 ft house. Beccrwe t h e  flooro are harder 

&nd smoother than outr ide  r u s f a c u ,  the resuspension from these eur face t  

vill be higher. 

put to  p r e d i c t  exporurer i;r t h e  work p h c e  and 8tUdie8  of PuOz drporited 

oa fadoor r u r f a c e r  have beon c o n r i r t e a t  v i th  a rerurperuion factor of 

"hi8 mounts  t o  about 
2 

Rerurpsosion f a c t o r 8  of m-' have been used in t h e  

lod m-1 (21). 
?A 
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The following exposure situation is postulated: the individual 

28 exposed to contaminated dust in the home for 26 hrs/day, 7 daysfvk, 

'\ 

.,- 

f o r  70 years. 

outside soil and has an areal distribution within the home o f  10 gfm . 
The air corcentration resulting from resuspended d w t  at 10 DPM/g 

vould be : 

The dust in the home ha8 the same activity/gram as 
2 

x % x = airborne dust Concentration 10 DpM ci 
8 2.22x10" DPM m 

0.045 fCi/m3 - airborne dust concentration 
Again the level of airborne activity would result in dose rates 

well within EPA's guidance limits. 

3.4 

Healy (18) has assumed that in a desert envircmment there will be 

Resuspension of Dust from Contaminated Clothing 

2 2 1 mg/cm 

less for nondesert environments, this value will also be assurad for 

(10 /m ) of dust on clothing. While ft would certainly be 
8 

Rocky Flats. 

nose and the mouth, a resuspension factor higher than the noma1 outdoor 

resuspension factor will be assumed. 

10-6 m-l will be assumed to be sufficiently consewative (lo-' m-l is 

3-4: orders of magnitude higher than values of wind resuspension factors 

Because of the proxirntty of the contamination to the 

For this calculation, a value of 

observed at Rocky Flats). Therefore, the resultant air ccncentration is: 

= a i r  concentration loo6 x- q x l O D P M x  ci 
-1 m ' 2 . 2 2 ~ l O ~ ~  DPM m 

0.045 fCi/m3 air concentration 

23 
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In addition to this air concentration being much lower than EPA's 

guidelines, the period of exposure would not be continuous since the 

clothfng would be removed at least during sleeping. 

pathway would present no apparent hazard. 

Therefore this 

4 .  Conclusion 

Of any of the inhalation pathways considered applicable in the 

environs surrounding the Rocky Flats Facility none has resulted Ln doses 

close to the limits recommended by this Agency for the transuranium 

elements. 

these exposures were occurring simultaneously, the combination of 

pathways would amount to only a few percent of the EPA guide limits. 

Even though every conceivable inhalation pathway could not be covered, 

it does not seem likely that one exists which would have a combination 

of resultant air concentration and period of q o s u r e  to produce S i g -  

nificant inhalation exposures at the levels of transuranium activity 

currently existing in the environs around Rocky Flats. 

C. Ingestion Pathway 

In fact, even if the consarvative assumption were made that 

1. 

Wastewater discharged from the Rocky Flats Plant as well as 

surface runoff from the Plant site is collected in a number of holding 

ponds where it is monitored for its radioactivity content before being 

discharged into either Walnut or Woman Creek. 

into the Great Western Reservoir which prcvides part of the drinking 

water supply for the City o f  Broomfield, vhile Woman Creek eventually 

empties into Standley Lake which is a drinking vater supply for the 

Plutonium and Americium in Drinking Rater 

Walnut Creek empties 

' City of Westminster. 

24 
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The Rocky Flats water monitoring program consists of 1) effluent 

monitoring of the water being discharged from the holding ponds into 

Walnut and Woman Creeks, 2) the monitoring of g, Foundwater and 3) the 

monitoring of the regional water supplies. 

rupplies, samples are collected and analyzed from the drinking water 

reservoirs (Great Western and Standley Lake) as vel1 as the finished 

water in several nearby communities. 

In monitoring public water 

As vith the air monitoring, the 

results of this sampling program are reported regularly to the 

responsible Federal, State, and local government agencies and published 

on a yearly basis. 

concentrations of plutonium and americium in finished water for the 

region were < .027x10-~ uCi/ml and < . 0 3 2 x ~ . O - ~  u C i / m l ,  respectively. 

The concentration levels of plutonium and americium in the drinking 

vater of the various communities surrounding Rocky Flats are given in 

Table VI .  

Hartell (22) in 1970. 

little change in the activity levels in the drinking water during this 

five year period. As with the airborne concentrations, these environ- 

wntal levels need to be put into the perspective of EA'S guidance 

ximits. 

According to the 1975 published data (8) the average 

Included in this Table are results obtained by Poet and 

Limited comparison o f  the two sets of  data shows 

2. 

lbsuming that the concentrations of Pu-239 and Am-241 in drinking 

Bone Dose Resulting Due to Ingestion of Water 

water are those reported for the city of  Broomfield (the highest con- 

centrations reported for the more immediate surrounding communities) and 

that the consumption rate of vater is 1.2 liters/day (ICRP Committee 

25 
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11) L..a an nu^ vater inges t ion  rates are: 

-’ Pu-239 Annual Inges t ion  Rate 

0.06X10-9 & x 1200 ml x = 18 pCi/yr 
ml G Y r  

c 

Converirion o f  t h e  above inges t ion  rates into dose r a t e s  can be 

achieved through t h e  use o f  Table VI1 and VIII. 

t h e r e  t a b l e s  has been descr ibed i n  Annex I11 o f  EPA’s guidance document 

(10). 

of various  transuranium oxides  and r e l a t e s  the  years  o f  ingest ion t o  

The development of 

Table V I 1 1  has been nonmalized t o  an ingest ion rate of 1000 pCi/yr 

t h e  r e s u l t i n g  dose r a t e .  S ince  plutonium and americium found i n  tap 

water would probably be  i n  a chemical form other  than the  oxidel e.g. 

t h e  hydroxide o r  some c o l l o i d a l  form, the  s o l u b i l i t y  and, t h t r e f o r e ,  the  

t r a n s f e r  from the  GI tract t o  the blood vould be g r e a t e r  than f o r  the 

oxide form. For non-oxide forms, as shown in Table VII, t h e  values ’ 

l i s t e d  i n  Table VI11 should be increased by a f a c t o r  of 10 f o r  plu- 

tonitmi, whi le  t h e  americium values  remain t h e  same. Eased upon these 

conversion f a c t o r s ,  thL: bone dose r a t e  after 70 pears o f  ingest ion o f  
- 

I 
\ 

drinking water vould be &.8X10°3 mrad/yr for  Pu-239 and 6.2X10-3 uuad/pr 

from -241. 

a t n d a t i o a  of 3 mrad/yr t o  bone from t h e  transuranium elements. 

These values ate considerably below EPA’s guidance recom- 

3. Bone Dose Due t o  Ingest ion o f  Foodstuffs 

At present  l i m i t e d  a g r i c u l t u r a l  production is c a r r i e d  out in the 

.ZrPiroa8 of Rocky Flats. Host o f  the  food coasumed l o c a l l y  Fs produced 

26 
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at  considerable distances from the Rocky Flats Plant. Other than a 

few family garden plots, the m l y  crops grown locally 81. wheat and 

alfalfa. 

future residential development is projected for the Rocky Flat8 area, 

It would be reasonable to project a concurrent increase in family 

gardening. 

A few cattle also are raised in the Plant vicinity. Since 

Therefore, an assessment has been carried out of the 

possible dose rates associated with the consumption of foodstuffs vhich 

might be produced locally. Because no food sampling data are presently 

available for the Rocky Flats area, estimation of  the potential doses 

are based upon data developed in other areas contaminated with 

transuranium elements and from laboratory experiments of transuranium 

uptake by foodstuffs. 

would be such that they would invalidate the use of data developed In 

these other environments nor produce higher doAe rate estimates. 

It i s  not expected that conditions at Rocky Flats 

For purposes of this assessment, the ingestion rate of the 

transuranium elements by man is considered to be the product of the 

rates at which different contaminated materials are ingested and the 

concentration of the transuranium elements in each material. 

To place these calculations Into perapective, we have adopted the 

formtilation of Martin and Bloom (23) which relates the ingestion rate H 

for  a particular nuclide to the average concentration of that nuclide in 

.oil Cs through the following formulation: 

i 

B - CSIiDi Eq. 7. 
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where Ii is the ing sti n rate of a particular it- 1 and Di is the 

dfscrimination ratio between that substance and soil. 

tion makes for easy translation of  environmental levels i n t o  dose rates 

8 n d s  thcrtby, direct comp.ri8on with =A's guidance limits. 

This formula- 

The soil  concentration used in this assessment is the same as that 

developed for the lphalation pathway calculations, i.e., 0.25 pCi/m 2 

2 for Pu-239 and 0.045 u C i / m  

of maximum ingrowth). If as a result of plowing, this activity is 

evenly distributed throughout the top 20 cm, the average concentration, 

C,, In units of pCi/g would be: 

f o r  Am-241 (18% o f  Pu-239 levels at the time 

2 
1 m 1.25 p C i / g  Pu-239 

0.25 UK 10 6 pci cm 3 
x 4 2  10 cm 2 x  uci lg 20 cm m 

and 0.22 pCi/g Am-241. 

The materials considered to be produced on this land and consumed 

by individuals living in the area are: 

plants, cow milk, and beef. 

contaminated soil will be considered. 

leafy vegetables, other food 

Also the c a s a l  and deliberate ingzstion of 

3.1 

Plants grown in soil containing the traoturanium elements can 

become contaminated through uptake by the roots and systemic incorpora- 

tion; in addition, the outer surfaces of the plant can have contaminated 

Leafy Vegetables and Other Food Plants 

soil deposited upon them as a result o f  resuspension. 

have been conducted and several reviews (24, 25, 26) have been published 

Nunerous studies 

covering the range of discrimination factors that have been observed in 

18bOratOt-y and field studies. Generally, the discrimination ratio for 



,\ -- 

' I  

.* I -  - - _  _ _  .I - 

fncorporation of Pu-239 into the plant is between 

fresh veight basis and 10-1 to LO'* for deposition on the plant surface. 

In the case of americiw2b1, the internal incorporati 

88 SO times higher than plutonium due to its greater solubility. 

Generally, uptake factors for garden vegetables are at the upper end 

of the range, therefore, for czilculational purposes a discrimination 

to on a 

\ ratio of 10'' w i l l  be assumed for internal deposition and 10-1 for 

external deposition when computing the intake of Pu-239, and a ratio of 

Sxld3 for internal deposition and lo-' for external depoeition in the 

case of Am-241. Since the calculations are for food in a table-ready 

condition, decontamination of the food during processing must also be 

recognized. 

be employed; namely, 90% o f  the contadnation is uashed off leafy 

vegetables and 99X of the contamination is removed from other food 

plants during washing, peeling, etc. Likewise, the consumption rates 

of foodstuffs obtained by Martin and Bloom from the USDA have been 

utilized after conversion to a fresh weight basis (on the basis that 

vege:ation is 70% water). Table IX contains the resultant Ingestion 

rates and discrimination ratios used in this assessment. 

In doing so, the assumption of Bloom and Xarttn (23) will 

Equation 7 was used to convert the ingestion rates and discrimination 

factors of Table IX into annual intakes of plutonium and americium. 

carrying out the food pathway calculations, the assumption was made that 

In 

25% of the entire intake for an individual atises from foodstuffs pro- 

duced locally on land contaminated with transuranium elements. 

29 
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The resultant ingestion doses are given in Table X. In converting 

t h e  annual radionuclide inthke to dose rates, Table VI1 and VI11 were 

used wlth the following assumptions: 

1. the duration of ingestion is 70 years 

2. externally deposited material is in the oxide form 

and 3. material biologically incorporated in plants and aninah is 
assumed to have B greater fraction trmsferred from the C.X. 
tract to the blood. For plutonium, according to  Table V X ,  
this results in an increase of a factor of 50 in the resulting 
bone dose and a factor of 5 for anericiwn. 

3.2 Ingestion oP Cow Milk 

Martin and Bloom have developed a discrimination factor for 

dciry cows of .3.2~10-~ hased upon assumptions of s o i l  and vepeta- 

tion consumption by cattle. Using this value and again assuming that 

252 of one's diet is locally produced, one can calculatr the ingestioa 

rates o f  Pu-239 and hm-241 as a result of milk consumption: 

H (Pu-239) Cs ID 
436 - 1.25 pci 2 *25 x 365 days 3.2xlo-8 

8 day Yr 

B (Pu-239) = 1.6~lO-~ pCi/yr 

8 (Am-241) .IS H (Pu-239) 

H (Am-241) = . 2 8 ~ l O - ~  pCi/yr 

Since these transuranium elements would be biologically 

incorporated, the dose rates of Table VI11 would be increased by a 

30 
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f a c t o r  o f  50 f o r  Po-239 and a f a c t o r  of 5 f o r  Am-241. 

bone doses a t t r i b u t a b l e  t o  the  consumption of milk are given in 

Table IX. 

The r c r u l t a a t  

3.3 Inges t ion  of Beef 

S i m i l a r l y ,  H;rrtin atid dloom developed d iscr iminat ion  f a c t o r s  

for  beef muscle and beef l i v e r  and these  have been u t i l i z e d  In our 

c a l c u l a t i o n s  of inges t ion  rates: 

Beef Huscle 

H (Pu-239) * Cs I D  

fI (Pu-239) 9 1.25 pci p. 273 -25 x 2.31i10-5 

I3 day pr 

H (Pu-239) - 1.02 pCi/yr 

H (Am-241) .18 H (Pu-239) 

K (Am-241) = 1.85s10-’ pCi/yr 

Beef L iver  

H (Pu-239) 1 1.25 pCi 13g .25 365 day 2 . ~ 1 0 - ~  
Yr 8 day 

H (Pu-239) - 2.96 pCi/yr 

H (Am-241) .18 H (Pu-239) 

H (Am-241) - 5 . 3 3 ~ 1 0 - ~  pCl/yr  

Assuming t h a t  transuranium material is b i o l o g i c a l l y  incorporated,  t h e  

r e s u l t a n t  bone dose rates after 70 years of inges t ion  have been 

c a l c u l a t e d  and =re included in Table X. 
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4 .  Bone Dose Due to Soil Ingestion 

4.1 Casual Ingestion 

Bloom and Martin (23) have assumed a casual ingestion rate for a 

desert environment to be approximately 3-4 g/year. Likewise, Rogers 

(20) has estimated the accidental ingestion rate of soil as a result 

o f  hand to mouth transfer to be 3-4 g/yr. 

one can calculate the plutonium and americium iqestion and resulting 

dose rates. 

surface soil Concentration of Pu-239 is that developed previously for 

unplowed, undiluted soil in the vicinity of Indiana Street; i.e., 

10 DPM/g (4.5 pCi/g>. 

assumed to be at its maximum contribution of 18% o r  0.8 pCi/g. 

resulting bone dose have been calculated assumins the transuranic 

material is in the oxide forin and these have b;s:. included in Table X. 

Based upon these estimates, 

The ingestion period is assumed to be 70 years and the 

The americium concentration, also as before, is 

The 

4.2 Deliberate Ingestion 

Healy (27) has addressed the problem of deliberate soil ingestion 

by children belcw the age of five. 

available data on the topic, he concluded that a deliberate soil 

ingestion rate of 20 g/day would be a reasonably severe case. 

this estimate to the Rocky Flats situation would produce the following 

ingestion rates for deliberate so i l  ingestion: 

After revieving the limited 

Applying 

H (Pu-239) 

I 

H (Pu-239) 

Cs ID* 
365 davs 4.5 pci/g x 2 x 

F 

32 
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H (Am-241) - 0.18 (Pu-239) 
H (Am-241) = 5 . 8 4 x l 0 .  3 pCi/yr  

Since this condf t ion  of excessive sofl  i n g o s t i o n  M u l d  occur 

over a relatively few y e a r s ,  t h e  r e s u l t a n t  dose  rates were c a l c u l a t e d  

uswnhg t h e  per iod of i n g e s t i o n  t o  b e  5 y e a r s  and are included in 

Table X. 

b 

_- 

5. Conclusions 

From t h e  results presented in Table  X, one can conclude t h a t ,  

even f o r  t h e  u n l i k e l y  case where t h e  c a l c u l a t e d  doses  f o r  a l l  pathways 

are a d d i t i v e ,  t h e  doses  r e c e i v e d  by i q e s t i o a  would b e  well. below t h e  

EPA g u i d e l i n e  of 3 mrad/yr t o  bone. 

vicinity of Rocky Flats would receive nuch lcwer doses  than t b  &.ose 

c a l c u l a t e d .  

p o s s i b l e  i n g e s t i o n  pathways of such magnitude t h a t  thev  would result in 

bone doses  exceeding 3 m a d s  ln any year .  

I n  real i ty,  an individual in t h e  

It i s  deemed very u n l i k e l y  t h a t  one could  identify o t h e r  
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Table I11 

Annual Dose Rate to Various Lung Compartments from 
Chronic Exposure to Plutonium and Americium Aerosols 

(Concentration - 1 f C i / m  and Particle Apw) = 0.05, 1.0, and 5.0 mictometers) 3 

Plutonium-239 

Duratlon of 
Exposure 
years 

1 

5 

10 

70 

Duration of 
Exposure 
years 

70 

Nasopharyngea -& Tracheo bronchi 1 

0.0515 1.0~ 5.0~ 0 . 0 5 ~  1.011 5.011 0.0515 1.ou 5.ou 

3.9 1.5 .7  2.7 1.1 6.1 .04 11. 30. 

mtad/vr x 10 mrad/yr. x 10 -9 mrad/yr x 10 
Pulmonary -]. 

9.1 3.5 1.7 3.7 1.5 7.9 .04 11. 30. 

9.8 3.8 1.8 3.8 1.6 8.1 .04 11. 30. 

9.9 3.8 1.8 3.8 1.6 8.1 .04 11. 30. 

Amer icium-241 

Pulmonary -1 
mradlyr x 10 

0.511 1.015 5.OE 

IO. 4.2 1.9 
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/ 

Table IV 

5 Rates to Various Organs L;om Chronic 
Exposure to Plutonium-239 and Americium-241 
Aerosols AMAD-lu; Concentration 1 fCi/m3 

Dutaction of Pu-239 Am-241 
Exposure brad /year) (millirad/year) 
(years) L i v e r  Bone T-B Lymph' Liver Bone T-B Lymph 

Nodes Nodes 

. 000s .40  .0015 .0005 .39 

.0065 4.0 .015 .007 4 . 2  

1 .001 

5 .018 

10 .OS2 .019 7.0 .055 ,021 7 . 4  

.034 8.7 .095 .036 9.1 

.049 9.8 .13 .052 10 

.07a 12 .20 .082 12 

15 .089 

20 13 

30 .19 

.ll 14 .26 .11 14 40 .24 

50 .29 

70 .36 

.13 15 .30 14 16 

.17 19 .37 18 20 
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Res e rvoi r s 

Great Westerna 
Great Western 
Standley Lake 

s-ry 
Fiaf shed Water 

Amada 
Boulder 
Broomfield 
Broomf ielda 
Denver 
Golden 
Lafayet te 
Louf sville 
Thornton 
Uestmfnster 

Summary 
Average 

Reservoirs 

Greet Western 
Standley Lake 

Summary 
Finished Water 

Amada 
Boulder 
Broomfield 
Denver 
Colden 
taf ayet t e 

Thornton 
Testminster 

Average 

sville 

s-ry 

Table VI* 

Plutonium and Americium in Public Water Supplies 

Plutonium Concentretion(x p c i / m ~  Number of 

Samples Taken ‘mfLlimulp cmximum ‘average 
b 

36 

36 
72 

11 
12 
39 

11 
11 
12 
11 
12 
36 
155 - 

Number of 
Samples Taken 

38 
37 
75 

11 
11 
37 
11 
11 
12 
12 
12 . 
39 
156 - 

* Table from reference 8. 
a. Data o f  Poet and Martell 
b. Sample-weighted average 

c0.013 
.046 

eo. 013 
CO. 013 

<o. 005 
go. 005 
<0.013 

<o. 005 
<O. 005 
so. 005 
eo. 005 
<o. 005 
<o. 013 
<o. 005 - 

0.952 c0.099 58% 
.214 

0.019 
0.014 
0.133 

0.016 
0.048 
0.030 
0.012 
0.018 
0.210 

038 

<0.006 t 50% 
q0.007 f: 17% 
~ 0 . 0 4 1  i 262 

~0.008 f 29% 

~ 0 . 0 0 7  ,+ 67% 

~0.041 f 31X 

<0.009 i 107% 

<0.006 2 21% 
<0.009 t 32% 

. -  - 0.210 
<0*027 f: 49% - 

0.014 
SO. 013 
e0.013 

‘0.001 
(0.001 
‘0.023 
go. 001 
eo. 001 
*o .001 
eo. 001 
<o. 001 
4.013 
<O .ool 

<0.090 ~ 0 . 0 3 3  f: 20%. 
.r0.030 <0.027 ,+ 19% 
<0.090 - 
0.239 
0.015 
0.150 
0.420 
0.044 
0.030 

0.007 
0.079 

0.400 

0.420 

e0.026 +, 18GX 
~0.006 ,+ 1802 
<0.029 f: 31% 
~0.043 t 196% 
<0.009 2 80% 
q0.007 ,c 67% 
qo.039 2 185% 
<0.005 % 3% 
<0.029 ,+ 18% - 
C0.032 2 25% - - 

(1970) 
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Fraction of Ingestion ?faterial Transferred to 
Blood from the Gastrointestinal 

Transfer Fraction 
Radionuclide non-oxide oxide 

Plutoni~-238 log3 

Plutonium-239 10-3 

Plutonium-240 

Plutonium-241 

Americium-241 

Cur ium-244 

Tract 

Biologically 
Incorporated 

S X ~ O - ~  

S X I O - ~  

~ X I O - ~  

~ f i o - ~  

5 f i 0 - ~  

S I K ~ O - ~  



Table VI11 

Annual Dose Rate Due to Chronic Ingestion of  
Plutonium-239 Oxide, Americium-201, Plutonium-241 and Curf-224 

Annual Intake 1000 pCi/Year 

Duration o f  Plutonium-239 Oxide Americium-241 (urad/year) brad /year) 
Ingest ion 

Liver Whole Bone Liver Whole Years Bone 
Body Body 

1 0.9 2.4 4.6~10-~ 9.2 2.5~10~ 4 .  9 ~ 1 0 - ~  

5 4 . 3  1 ~ 2 x 1 0 ~  2.7~10'~ 4 9 5aO1 1. 2X102 2.4~10-I 

10 8.4 2.2x1o1 4. 5xfO-2 8 8x101 2. 3x102 4.7xiO-1 

15 1 ~ X d  3. 2x101 6.6~10-~ 1 3a02 3. 4x102 6. 9x10-1 

20 1 6d01 4.1~10~ a. 6x10-~ 1 - 7 ~ 1 0 ~  4. 3x102 9.0~10' 

33 2 * 4 x 1 ~ 1 ~  5 . 6 ~ 1 0 ~  1.3~10-' 2-4X1O2 5.9x102 1.3 

40 3.0~10 1 6. 9x101 1. 6x10-1 3.1x102 7.2~10~ 1.7 

50 3 7x101 8. lxml 1. 9x10-1 3.axio2 8.3~10~ 2.0 

70 4 8x101 9. 8x101 2. 6x10-1 4.9~10~ 9.9x102 2.6 

I -  
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Table IX 

Food Ingestion Rates and Radionuclide Discrimination Ratios 
. 

Substance Ingestion Rate (g/day) Discrimination Ratio 

/ 
Leafy Vegetables 

Other Vegetables 

Cow Milk 

Beef Xuscle 

Reef Liver 

Soil (casual) 

Soil (derlbetate) 

- 740b 

436 

273 

13 

.01 

20 

270b Pu(ext.) 

Pu(int.) 

M e x t .  1 

Am(int.1 

Pu(ext .) 

Pu(int .) 

Am(ext. ) 

Am(int.) 

Pua 

Amc 

Pua 

Amc 

Pua 

Amc 

PU 

Am 

Pu 

Am 

tlO-~xlOX J 

r lo-~xloz J 

S ~ I O - ~  

[lo-lxlx] 

I lo-lxL% J 

5x10m3 

3.17~10-~ 

3.17xlO-' 

3.29rJOeS 

3.29~10-~ 

2. O ~ I O - ~  

2.ox10-j 

1.0 

1.0 

1.0 

1.0 

a. from ref. 23 
b. 
c. 

assumes vegetation is 70% vater 
assumes retention and tracsport within cow is the same for Pu and Am 
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Substance 

Drinkhg Clacer 

Lteiy Vegetables 

Other Vegetables 

Cow Milk 

Beef Muscle 

geef Liver 
I 

Soil (casual) 

(deliberat e) 

Ingestion and Resultant Bone Dose Rates 

Pu 

Am 

PU 

Am 

Pu 

Am 

Pu 

la 

Pu 

Rad tonuclide 

Pu 

Am 

Pu (ext.) 

Pu (lnt.) 

Am (ext.) 

Am ( i n t . )  

Pu (ext.) 

Pu (int.) 

Am (ext.) 

Am (int.1 

.Am 

7cth Year &ne 
Dose Rate 

Ingestion Rates ( p C i / y r l  (arad/yr> 
la  
13 

29 7 

3 

53 

27 

82 

9 

15 

74 

1. 6X10-3 

~ 8 ~ 1 c - 3  

1.02 

1. asm-1 
2.96 

5.33X10-1 

18.0 

3.2 

3.24~10' 

5.84~103 

43 

8.ax10-3 

6. 2af3 

-014 

-071 

.026 

.067 

.004 

.020 

.007 

.018 

.40~10-~ 

.67~lO-~ 

2 . 5 ~ 1 0 , ~  

2.8n10-' 

7. iaoo3 
1.28~10-~ 

a.6x10-4 

1. 6 d 3  

c 14 

26 

.Total 0.653 
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APPENDIX H 

PROPERTY LOSSFS, LOST TISE INJURIES, 
AND REPORTABLE RADIATION EXPOSURES 

This appendix identifies all property losses in excess of $5000 that have 
occurred at Rocky Flats since the Plant became operational in 1952 (see Table H-1). 
Table H-2 lists lost-time injuries to employees. Injury statistics ,re presented in 
Tables H-3 through H-5. Subsequent tables list external radiation exposures to 
employees (Table H - 6 ) .  systemic burden estimates of plutonium (Table H-7). and yosi- 
tive body-counter cases (Table H - 8 ) .  

The personnel safety record compiled by en,yioyees at Rocky Flats is among the 
best of all W E  production facilities. 
tion withi7 the W E  Albuquerque Operation 
than Rocky Flats. 
injuries have occurred at Rocky Flats. 
considerable time passts before an injury is defined as a lost-time injury. 
reason, some entries in Table H-2 appear to be out of sequence. 
those on which tb? incidents occurred; however, the overall listing follows the 
sequence in which the mishaps were designated lost-time injuries. 

For example. during 1977 only one organiza- 
Complex established a better safei:. record 

Despire an impressively good safety record, lost-time or disabling 

For this 
These are noted i n  Table H-2. Occasionally, 

The dates shown are 

Prior to January 1975, a lost-time injury (LTI) was defined as any work injury 
resulting in death, permanent total disability, or permanent partial disability--even 
if the injured employee returned to work the same day the injury occurred. A work 
injury resulting in temporary total disability was also considered an LTI. as was any 
injury, regardless of how minor, that resulted in an employee losing a full day of 
work after the day of the injury. 
dance with a standard time charged ia number of days assigned to each part of the 
body. 
work the same day that the injury occurred. the incident was considered an LTX, and 
50 days of " l o s t  time" was charged for the injury. 

The severity of an injury was recorded in accor- 

If, for example, an employee lost the tip of his little finger but returned to 

On Jancrry 1 ,  ;975, the Occupational Safety and Health Administration (OSHA) 
recordkeeping and reporting system was adopted as the standard for occupational 
L j u r y  experience. 
Away from Work.'' 
ployee would have worked but could not because of an occupa.tiona1 injury or illness 
is reported as "Time Charged, 

The term LTI was replaced with "Lost Workday Cases Involving Days 
Under this systen the number of actual workdays on which an em- 

In Tables H-3 through H-5 and Figures H-1 and H-2, comparative injury statistics 
Gross numbers of injuries or  lost vork within Colorado and nationally are presented. 

H- 1 
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days cannot be directly camparcd from one unit to another. Two considerations are 
essential Cor a meaningful comparison. First. the size of the work force should be 
considered because a larger employer is expected to have more itccldents than a small 
employer. Secondly, the different type o f  work performed by each employer should be 
considered '-cause a high-risk operation (e.g. , steel erection) is expected to have 
more accident- than a low-risk operation (e.g., retail store gperation). 

Work-force size can be equalized by calculating injury rates based on the nwrber 
of hours worked by each unit duri-g the same comparable period. 
established, the nationally recoknized method for evaluating injury experience was 
the calculation of Frequency Rates and Sev'erity Rates as defined by the American 
National Standards Institute (ANSI), ANSI 2-87.1. The Frequency Rate was based on 
the number of lost-time injuries; the Severity Rate was based on the time charged (in 
days). They were calculated as follows: 

Until OSHA was 

Number of Lost Time Injuries X 1,000,000 
Frequency Rate = -. 

Hours Worked 

Time Charged X 1,000,000 Severity Rate = 
Hours Worked 

The OSHA recordkeeping system offers Incidence Rates as follows: 

L~~~ Time Injuries 
Incidence Rate 

= Number o f  Lost Time Injuries X 200,000 

Hours Worked 

- Number of Lost Work Days X 200,000 Lost Work Days (LWD) 
Incidence Rate Hours Worked 

The calculation of injury rates can be used for two pvrposes: (1)  comparison 
with prior experience and (2) comparison with similar industries or companies. 
Comparison with prior experience is the most meaningful application of injury rates 
because an average industry rate does not accurately reflect the hazards and risks 
associated with one particular company. However, an industry comparison can be used 
as'an approximation to consider the different types of industrial r1sb.s. 

Table H-3 compares Rocky Flats Plant Severity and Frequency Rates of injuries 
from 1E52 through 1974 with the National Safety Council's "all industry" average 
rates. 
shows that while the "-11 industry" Frequency Rates are relatively higher and have 
increased, the Rocky Flats Frequency Rates have remaintd stable over the years. 
Severity Rates in Figure H-2 show that with the exception of 1967, the Rocky Flats 
Severity Rates have been relatively stable and low. 

This information is shown graphicaily in Figures H-1 and H-2. Figure H-1 

The 
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Because of the change to the OSHA record keeping system after 1974, Frequency 
and Severity Rates are no longer used. The OSW. incidence rates for LTls and LvDs 
are given in Table H-4. Incidence rates for manufacturing. chemical, and metal 
fabrication industries are also given for comparison, because these three industries 
most closely represent operations performed at Rocky Flats. Injury incidence rates 
for these three industries are given for national and Colorado industries. As with 
Frequency and Severity Rates, incidence rates for LTIs and LWDs for  the Rocky Flats 
Plant are lower than the industry rates. 

’ The data in Table H-5 show 1976 and 1977 gross number statistics by industry 
within Colorado for fatalities and for LTIs involving four or more lost work days. 
The Rocky Flats Plant oper:ion i :  covered within the manufacturing classification. 
I t  is emphasized that industry site is not considered in this information. 

In summary, injury rate data show that the Rocky Flats Plant Safety program is 
effective in minimizing occupationally related injuries and illnesses. 

TABLE H-I 

PLANT PROPERTY LOSSES EXCEEDING $5,000 

Date 

11-21-52 
6-14-57 
9-1 1-57 
10-25-61 

3-16-63 
3-19-63 
6-23-63 
6-20-63 
6-12-64 
6-08-65 
5-06-65 

10-15-65 
11-09-65 
11-27-65 
9-28-67 

1-07-69 

Dollar Loss 

7,000 
30,936 

818.600 
5.000 

to 10,000 
8,200 

20,000 
5,662 
8,364 
56.400 
8,810 

7,557 
17,034 
23,253 
59,800 
10,246 

23,285 

Incident 

Boi le r explosion 
Explosion from chemical reaction 
Fire in a manufacturing building 

Boiler explosion 
Sub-station failure and fire 
Failure of engine in building’s compressor house 
Contamination from nitric acid spill 
Contamination leak and spill 
Chemical explosion in glove box 
Inspected parts knocked off storage shelving 
Product feed sprayed out of  loose flange 
Glove box drain fire 
Glove box Fire 
Widd damage to building roof 
Contamination spill resulting from blow-out of 

temporary pipe plug 
High winds caused damage to windows, doors, and 

roofs of builcings; a trailer was destroyed, 
and considerable cleanup and repair work were 
required 

-. 
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Date Dollar Loss Incident 

TABLE H-1 (continued) 
PUNT PROFERT LOSSES'EXCEEDINC ss,ooo 

5-11-69 26,539,000 Glove box fire in plutonium processing area 
6-20-69 8,000 Holten metal released into furnace interior 
7-30-69 20,006 Fire in tunnef betweei buildings 

4-20- 70 1s.000 Contamination release by compressed air used 

8-15-70 5,870 Power lead short-circuited to bus bar 
9-11-70 12,040 Acid leaked from storage tank 

4-12 - 7 1 5 , 7 7 1  
contamination 

4-19-11 13.500 Contamination spread from reduction-furnace 
gasket failure 

8-22-71 60,000 Small container exploded. Contamination was spread 
by isnited plutonitua i n  the container 

9-02-71 15,600 
escape into room 

beciuse o f  heavy winCs and snow 

(estirrted) 

in an attempt to clerr a plugged drain line 

Corrosion caused steam condensate line to leak 

Hole in a barrel liner allowed plutonium oxide to 

1-5.6-72 20,000 Electrical faulting of three main substations 

1-11-72 5,660 Cell shrouding o f  coaling tower blev away 
1-10-72 2r),OOO Iilcinerator glove box fire 
2-08-12 6,000 Incinerator fi.e and contamination causrd by an 

aerosol can being punctured in an unsafe manner 
near a burnibkg incineracor 

4-  -73 9,973 Tritium released to atmosphere and Plant waste 
streams during the processing of metal scrap 
contaminated vith tritium 

11-39- 75 5,912 Trailer blown over by high winds 
5- 19- 76 13,857 RbD experiments caused contamination to equipment 

and instruments 
8-18-76 1,500 Overheating caused coils in induction heat treating 

furnace to melt 

of desks, chairs, vending machines, f l o o r  tile. 
etc., in surrounding area 

11-18-16 14,334 Source dropped in office area, causing replaceacnt 

t 

.. 

I 
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TABLE H-2 

LOST-TIk tdJURIES TO EHPLUYEES 

Date 

0-22-53 

-- 

2-23-54 

6-23-54 

11-12-54 

7 -  16-56 

6-32-57 

9- 16-57 

7-10-63 

12-22-63 

3-25-64 

6-12-64 
1 

1-05-62 ' 

9-17-59 

I nc i de n! 

A fireman vas hamering on some metal vhec another fireman walked 
up. 

A monitor was in a jeep chat turned over on Highway 93. 
He suffered bruises. 

A carpenter caught his left hand in the blade of a table saw. 
Portions of his f i r s t  and second fingers uere amputated, and the 
fourth finger vas lacerated. 

A chemist slipped and fell, striking her right elbow against a 
door. 

A toolmaker was using pliers in an attempt to remove chips from a 
revolving cylinder. 
resulted. 

A chemical operator was struck by particlcs of glass o r  metal 
when a chemical-reaction explosion occtirred. 
tions on the face and tip o f  the f i f t h  '.inger o f  the right hand, 
ic addition to contamination. 
his right hand was amputated. 

A machinist caught Sis finger in a piece of tubular w t a l  being 
turned on J lathe and cut off the tip of the secand finger of his 
left hand. 

An electrician punctured his left index iinger with a screwuriver, 
severing the flexor tendon at the second joint. 
required for partial repair. 

A handywan's feet slipped out from under him while he was walking 
down a snowrovered sidewalk. 
back muscles. 

A toolmaker had his left upper arm injured when the shank of a 
grinding tool broke and the tool became imbedded in his a m .  
Surgery was required to remove the tool, and hospitalization vas 
required when an infection developed. 

A chemical explosion in a glove box resulted in severe daeage to 
a process operator's left hand, necessitating amputation of  the 
left index finger and thumb. 

A sheetmetal worker clas hooking a portable welder on a pickup, 
alone, and injured his back. The injury was evaluated at 
7.5% permaneat partial disability to the vhole body unit. 

A 1.5-inch piece o f  metal became embedded i n  the tip o f  a 
production machinist's left middle finger. The metal was 
removed by surgery. 
surgically removed on 2-16-65. 
of 3/16 inch.of bone. 

-- - 

A picre of  metal hit the second fireman in the eye. 

Fracture o f  the elbow required surgery. 

Srverc lacerations o f  the index finger 

He received lacera- 

The tip of the fifth finger on 

Surgery was 

He susfered pulled and sprdined 

A nodule, which subsequentlg formed, was 
Plastic repair requiced removal 

Time 
Charged 

16 drys 

5 days 

375 days 

11 drys 

6 days 

30 days 

100 days 

22 days 

8 days 

If days 

2,100 days 

450 days 

75 days 

f 
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TABLE H-2 (cpntinued) 

LOST-TIHE INJURIES TO EHPLQYEES 

Time 
Date I nc i deut Chai ged 

2-20-65 

12-30-66 

2-16-67 

11-23-66 

6-05-67 

5- 12-67 

1-08-67 

9-1 1-67 

1-15-68 

11-06-65 

A production machinist struck his left middle finger against a 
rotating part in an X-cello tape machine. 
the resulting laceration, plastic surgerj (skin giaft) was 
requi red. 

An instrument repri -an fell while walking down a bank, and he 
broke his right ankle. 
ankle pinned and set. 

A maintenance sheetmetal worker vas raising a telescoping scaf- 
folding when a second section, raising improperly, dropped and 
mashed three fingrrs of his left hand. The first joint of his 
r i n g  finger had to be amputated. 

To properly repair 

Hospitalization was required to have the 

27 drys 

30 days 

1,160 day: 

A horizontal press vas being used to.press a gear on a motor 
shaft. A maintenance machinist foreman, in a squatting position, 
placed his hand on one of the arms. 
pressure, released ir. a snapping action and caught his right 
middle and ring fingers. The middle finger, at the second joint, 
had to be amputated on 3-7-67. 

A service attendant/vehicIe driver fractured his hip when he 
fell from the track of a Caterpiller tractor atop a low-boy 
trailer. He died April 10, 1967 from post-operative complications. 6,000 days 

A laborer vas loading large uooden boxes into an open-top trailer. 
As he vas attempting t o  remove the cable sling, he stepped bark- 
ward and fell 52 inches to the bed of the truck, then fell another 
52 inches to the ground. He suffered fractures of the third and 
fourth vertebral processus, requiring hospitall.~tion. 

A painter bumped the palm o f  his right hand while scrapirag a 
shower room floor. 
aedical treatment and on June 6, 1967, an exploratory operation 
disclosed a blocked artery in the hand. 
occupational disease, being a "peripheral neurovascular disorder 
resulting from prolonged manual use of tools." 
3 inches o f  artery bad to be removed. 

The arms, uhich were under 

150 days 

23 days 

The soreness in his hand failed to respond to 

This vas classified as an 

Approximately 
16 days 

An experimental operator vas pouring molten lithium into a mold. 
He tiad partially filled the mold when the molten metal vas 
explosively ejected, splattericg hxs face, shoulder, torso, and 
thighs. He suffered second- and third-degree burns to his body 
and received one s m a l l  burn on the cornea of his right eye. 
Hospitalization was required. 

A laborer was fastening tbe safety chain on a dock when the 
hydraulic tailgate latch failed on a truck backed up to the dock. 
The falling tailgate struck his right foot and broke two bones. 
Treatment resulted in seven lost days. 

A process operator suffered a puncture wound to his right long 
finger. 
resulting in 6% disability of  the distal phalanx of the finger 
(March 26, 1968). 

Subsequent nodule growth required surgical removal 

20 days 

7 days 

4 days 
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TABLE H-2 (continued) 

LQST-TlWE INJURIES TO 94PLOYEES 

Date Incident -- 
9-05-68 A clerk packer squatte3 down to clean a chipping container and 

struck the edge of a vaste container behind him. 
a ruptured urethra ar.d was hospitalized. 

He suffered 

f i r  
Charged - 

26 days 

8-20-71 A painter vas applying Strippabh 1:tex paint to wood studs and 
sheeting. 
in full face masks. The painter was working from a 12-foot ladder 
and was standing on the step next to the top when he fell to the 
floor. Five ribs were fractured vhen he hit an airlock as he fell. 

A machinist caught his finger between a chuck and tool bit while 
he was attempting to adjusr. a rQolant line. 
finger was cut off. He had not shut the machine off during this 
operation. 100 days 

A process operator was standing on a barrel when the lid tipped. 
He fell and broke his right elhow, resulting in 5% permanent partiai 
disability. 

The work w3s in d contaminated area and was being done 

58 days 

9-02-71 
The tip of his indrx 

9-13-71 

180 days 

5-13-69 A process operator larerated his forefinger, right hand, on a 
beryllium burr. Thr injury failed to hral. Surgery vas needed to 
excise the wound, and plastic surgery was necessary to close it. 

A machinist was perforsing a rutting operation on a lathe. 
Some chips whipped around, rutting h i s  third finger, left hand. 

4-28-72 A machinist was leaning against a box that was on rollers. The 

4-03-79 

box moved and he fell, striking his knee on the floor and breaking 
his kneecap. 

6-21-72 A vehicle driver, ihile backinR up a fork lift, failed to stop in 
time, an0 the rear of the fork lift collided with a cinder block 
wall. Tbe operator's left foot was caught between the fork lift 
platform and the wall. 
ankle and foot. 

A machinist was moving a heavy piece o i  machinery on two, two- 
wheel dollies. 
the dolly handle and the frame of the load. His right thumb was 
fractured. 

2-02-73 A carpenter WLS working in the plenum of a manufacturing building. 
As he was exiting the plenum, he smelled some toxic substance i n  
tne breathing air. 
backwards on the stairs, hitting his head and suffering a linest 
skull fracture. 

He suffered a severe break in his left 

12-9-69 
The lcad shifted, and his thumb vas caught between 

He passed out from this substance and fell 

7 days 

150 days 

90 days 

360 days 

240 days 

135 days 

8-22-71 An employee received a lung burden of plutonium when a container 
of metal plutonium exploded and the plutonium caught fire. 
volunteered to have a lung lavage on an experimental basis. 

He later 
He 

was bospitalired 14 days. .'8gS 

4-21-70 A decontamination vorker, crawling through overhead pipes while 
performing his job, twisted and sprained his left knee. 
was reinjured on 7-14-72, requiring surgqry and hospitalization. 

While walking between buildings, an employee slipped on ice, fell, 
and received a hairline fracture of  his 8th rib. 

His knee 
15 days 

1-09-75 
7 days 
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T A P E  H-2 (continued) 

WST-TIM INJL!fES 10 EHPLOlTES 

Date Incident 

2-25-75 

5-26-75 

b- 18-75 

7-22-7., 

11-8-75 

1-23-76 

3-08-76 

5-20-76 

5-28-76 

2-3-76 

10-16-77 

An employee slipped on ice. 
muscles. 

A security guard fell against a door. 
glass in the door, resulting in tendons being cut. 

An employee was workiiig on a machine when the lead hamwr beia:: 
used slipped an? hlt his finger. Surgery was required later to 
repair tendon Camage. 

4n electric technician, while working on a current limiter, struck 
his left elbow on the open door of a tool cart. 
required surgery. 

A utilities employee slipped on a wet surface outdoors and fell, 
fracturing his left hip. 
fracture. 

A sheetmetal worker tripped over his shoe covering an6 fell. 
fractured his lower right leg. 

A process operator strained his back while lifting a filter 
housing. 

An employee was caught between his parked vehicle and a moving 
plant protectlon car driven by a security guard. The employee 
suffered compound fractures of both ankles and other injuries 
resulting in a permanent disabling injury. 

A chemist strained his back while lifting 50-pound drums. 
rest uas advised by a doctor. 

Sheetmetal worker had Surgery on shoulder which was injured 
vhiie using a wrench 'surgery 11-76). 

P;r filter technician slipped on wet/damp floor while moving 
I ladder. Crrckcd knee cap. 

He did not fall, but did pull some 
A doctor advised him to stay home several days. 

His hand went through the 

The elbow later 

Surgery vas necessary to pin the 

He 

Bed- 

T i m  
Char gcd 

5 days 

5 days 

9 days 

158 days 

108 days 

24 days 

154 days 

3 days 

92 days 

52 days 



TABLE H-3 
FREQUENCY AND SEVERITY RATE  COMPARISON^ 

- 
YEAR FREQUENCY RATE SEVERITY RATE 

National Safety Rocky Flats National Safety Rocky Flats 
Plant Council Statistics*- Plant Council Statistics+ 

1952 0 8.40 0 880 
1953 0.52 7.44 8.4 830 
1954 1.39 7.22 181 800 
1955 0 6.96 0 81 5 

1957 0.64 6.27 48.2  74 0 
1956 0.38 6.38 2.3 733 

1958 0 6.17 0 744 
1959 0.2i 6.47 20.0 754 
1960 0 6.04 0 729 
1961 0 5.99 0 666 
1962 0.20 6.19 90.3 694 
1963 0.34  6.12 5.1 682 
1964 0.30 6.45 319.4 693 
1965 0.32 6.53 4.9 695 
1966 0.31 6.91 28.1 689 
1967 0.78 7.22 1,127 672 
1468 0.29 7.35 4 . 5  665 
1969 0.27 8.08 33.7 640 
1970 0.14 8.87 6.2 667 
1971 0.50 9.37 43.9 61 1 
1972 0.39 10.17 77.2 65 5 
1973 0.14 10.55 19.3 654 
- -  1974 0 10.20 0 614 

*National Safety Council statistics are those for the "all industries" average, as 
The National Safety Courlcil asserts that from 1965 

- 

reported by member companies. 
to 1910 manufacturing member companies had Frequencq Rates 70 percent lower and 
Severity Rates 40 percent lower than nonmember companies. 

H-9 



; 0.0 

8.0 

u c 

5 6.0 

4.0 

2 .o 

NSC STATISTICS' 

OCKY FIATS PLANT 

1352 1955 1960 1965 1970 1975 
YEAR 

Figure H-I. Frequency Rate Comparison 



YEAR 

Figure H-2. Severity Rate Comparison . .* 



i 

TABLE H-4 
INJURY IKCIDENCE RATE CO!4PM1SON2 '3 

--- 

INCIDENCE RATE*OF LOST-TIME INJL'RI ES -___ YEAR 

Manu fact uri n Chemical Heta; Fabrication Rocky 
F 1 at s ~ > i 6 ~ d k i r - - ~ o l  or ado National Co 1 or ado Nationar --- 

1975 0.20 5.5 4.3 2.6 2.6 6.1 6.4 
1976 0.19 6.2 4.6 1.8 2.9 7 . 1  6.6 
1977 0.04  1iA"" 4.9 NA 2.9 NA 7 . 0  

YEAR INCIDENCE RATE*OF LOST WORK PAYS 

Rocky Manufacturin Chemic a 1 Metal Fabrication 
F1 a t s m a d b - - - N a t  i k a l  Colorado National Colorado NationaI 

1975 9.4 76.1 72.9 24.8 46.1 75.4 101.4 
1976 14.3 83.8 76.7 30 9 48.0 96.4 106.5 
1977 1.9 NA 79.3 NA 48.0 NA 106.3 

*Colorado and National Incidence Rates include restricted activity cases and days 
at work. The Hocky Flats statistics do not reflect this information; horever, 
according to the Department of Labor, nearly 95 percent of all lost-time cases 
invoive time away from the job. For this reason, these is no significant dis- 
crepancy between National, Colorado, and Rocky Flats data. 
**NA - not available at printing time. 

TABLE H-5 
LOST TIME INJURIES AND FATALITIES BY INDUSTRY IN COLOR ADO^ 

C O L O r n  4) CASES INVOLVING 4 OR 
INDUSTRY MORE LOST WORK DAYS # FATALITIES- 

- 
1976 ----Em-- 

Agriculturi, Forestry, 64 6 914 5 4 

Mining 1,176 1,432 9 10 

Manufacturing 6,415 7,337 11 2 ; 
(Rocky Flats Plant) (4) (1)  ( 0 )  ( 0 )  
Transportat ion and 1,905 2,389 6 10 

Wholesale and Retail Trade 5.649 7,004 8 7 
Finance, Insurance and 394 560 2 1 

Services 4,670 5,800 . -  5 

Unc lass i f ied 479 524 - 

Fisheries 

Construction 3,894 5,126 14 19 
I 

I 
i 

Public Utilities 

Real Estate 

Government 2,589 3,145 I 6 
0 

Colorado Total 27,817 34,231 77* 64 

*Adl''tional fatalities hdve been subsequently confirmed as work related. 

- 0 

The 1976 tot31 as of 7-1-78 was 86. 

H-12 
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hployee radiation exposure can occur from external and internal soutees. 
Programs are maintained at Rocky Flats that detect. measure, and record such occcr- 
rences. Externai radiation is detected and measured by a radiation-sensitive ?adge 
worn on the upper front pcrtion of the body. .4 radiation-sensitive badge is worn by 
every employee. These badges are calibrated for various types of radiation, and 
results are reported in units called rem. As definzd in NCRP Report No. 39, "Basic 
Radiation Protection Criteria," National Council on Radiation Protection and Heasurc- 
ments, Washington, DC, 1971, the maximum permissible level of 5(N-18) rem. where N 
equals the employee's age, has never been exceeded by an external exposure experi- 
enced at Rocky Flats. In 1967. Plant personnel initiated a more stringent, s r l f -  
imposed limit of  five rem per year. That limit was later adopted by what is now 
known as the DOE and has not been exceeded by any subsequent, external exposure. 
Table H-b shows external radiation exposures at Rocky Flats since 1953. 

TABLE H-6 

EXTERNAL RADIATION EXPOSURE TO EMPLOYEES 

Dose Range (rem) 
Employees - CY Badged 0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-9 9-10 l0-11 11-12 >12 

1953 
1956 
1955 
1956 
1957 
1958 
1953 
1960 
1961 
1962 
1963 
1964 
1965 

1966 
1967 
1968 
1969 
1970 

1971 
1972 
1973 
1974 
1975 
1976 

. 1977 

262 213 
341 283 
512 422 
719 692 
868 781 

1046 ai4 

1090 877 
1362 1171 
1602 1256 
2147 1738 
1798 1315 
3005 2629 
3018 2479 

~ 3175 2287 
I 3221 2593 

3115 2657 
3850 3554 
3811 3467 
3959 3633 
3777 3442 
3514 3233 
3151 2827 
2956 2770 
2908 2848 
3114 3073 

29 
31 
45 
16 
51 

66 
67 
93 

162 
222 
224 
240 
331 
425 
25 1 
218 
163 
215 
154 
213 
2 15 
22 1 
161 
59 
39 

10 

12 
17 
8 

30 
46 
54 
66 
99 
73 

126 
108 
131 
190 
151 
127 
73 

101 
60 
97 
58 
72 
22 

1 
2 

4 
4 
9 
3 
4 

33 
51 
30 
74 
42 
58 

25 
67 

104 
92 
70 
54 
27 
69 
23 

7 
29 

3 
0 

0 

3 2 1 0 0 0  
2 3 3 1 0 0  
6 6 4 1 0 0  
0 0 0 0 D 0  
1 0 0 0 0 0  

i ? 9 i a o o  

2 0 0 0 0 0  
2 7 9 2 3 0 1  

1 1 0 0 0 0 0  
3 8 3 4  0 0 0 0 
3 6 3 7  1 1  0 0 

3 0 0 0 0 0  
6 4 0 0 0 0  

82 54 23 8 1 1 
46 26 24 20 13 4 
1 3 0 0 0 0 0  
6 0 0 0 0 0  

4 3 0 0 r 0 0  
2 0 0 0 0 0  

3 0 0 0 0 0  

i a o ~ o o  
2 0 0 0 0 0  

0 0 0 0 0 0  
0 0 0 0 3 0  
o c o a o o  

0 

2 
1 

0 

0 

0 

0 
0 
0 

0 
0 
0 

0 
0 

1 
0 
0 

0 
0 

0 

0 
0 
0 

0 
0 

0 
0 

1 
0 

1 
0 

0 
0 
0 

0 

0 
0 

0 

0 

0 
0 
0 

0 

0 
0 

0 
0 

0 
0 
0 

0 
0 

0 

0 

0 

0 

0 
0 

0 

0 
0 
0 
0 
0 
0 
a 
0 
0 
0 

H-13 r 



Internal exposure is determined by a urine bioassay program and by d body- 
counting program. 
measuring the amount of plutonium remaining i n  the employee" 
of plutoFium have been made possible by a time-dependent formula bcjed on work by 
Dr. W. Langham at the Los Alamos Scientific Laboratory in New l3ex:c.v. Each urine 
sample from an individual is used in conjunction with all o f  the lerson's previous 
samples. A systemic burden is then calculated in terms of perceirt ot  the maximum 
permissible systemic burden (MPSB). For plutoninm, the HPSB is 04 pCi with bone 
being considered as the critical organ.5 
accumulated, internal exposure since an almost negligible quanti:-7 is excreted. 

Urine bioassay determines an employee's systemic burden by 
yst-a. Measurements 

The systemic burden represents the total, 

The number o f  active and former employees in c x h  major categciy of exposure, 
according to systemic burdens, is shown in Table H - 7 .  
that the rtsults of systemic burden calculations are conservative. 

Autopsy data to data indicate 
6 

TABLE E-? 
SYSTEMIC BURDEN ESTiHATES OF PLUTONIUH 

(a t  of Janutry 1978) 

Employees 

Active 

Haximum Permissible Systemic Burden 
10-2SX 25-50% 50-103% >100% 
223 37 Y 6 

-- 

Terminated 125 20 2 8 

The body-counting program began in 1964 and is comp1emer.tat-y to urine bio- 
assay. 
Gamma rays from plutonium are insufficient for measurements within the sensitivity 
desired; consequently, measurements are made of americiam that may be present. 
Americium is associated with plutonium at Rocky Flats, and emits gamma rays of 
higher energy and abundance than plutonium. 
to plutonium in the material to which an employee was exposed, arithmetic calcula- 
tions can be used to determine the amount of plutonium that is present. With this 
technique, body coLiting can measure, directly or indirectly, plutonium or other 
Ksdioactive material in the chest region (assumed LO be lungs). 

The equipment used measures gamma rays coming from within the chest region. 

Upon determining the ratio of americium 
/ 

/ 

The autopsies 
performed for cases in which there was sufficient lung deposition 
the body counter showed less than 10% difference between .the body 
and the radiochemical analysis of the lung tissue. The amount of  
lungs, which is called the lung burden, will decrease with time. .. 1 

to measure with 
counter measurement 
material in the 
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Table X-8 shows year-end, body-counting results at Rocky Flats since 1964. 

Included i n  t h e  Table are t h e  numbers of employees who have positive (measurable) 
m o u n t s  of  americium-241 but for who? no estimate of t h e  amount of plutonium was 
made. 

TABLE H-8 

POSITIVE BODY COUNTER CASES 

Total (50% NPLB b >loo% NPLB' 5 0  400% HPLB Positive Count 
Employed Terse Employed a Employed Employed T z m  Employed Ters 

1964 1 1 
1965 

1966 

1967 

1968 

1969 

1910 

1971 
1972 

1973 
1974 
197P 

1975 

1976 
1977 

18 
13 
8 

8 

11 

9 
12 

13 
9 
9 

13f 
11 

10 

10 

1 
2 

3 

4 
4 
6 

5 

6 

6 

6 

8 

6 

8 

4 
4 

2 
4 

9 
12 

13 
14 

16 

17 
3lf 
33 

21 
16 

NTd 

NT 7 

NT 6 

NT 5 
NT 16 

NT 14 

5 11 

5 30 
5 28 

5 29 

5 85 

5 112 

6 183 

6 295 

NT 
N T N T  
N T N T  
N T N T  
M 32 
NT 3t 
8 18 

8 62 
13 64 
14 74 

14 Of 
15 
18 

29 

22 tiT 
24 NT 
16 NT 
17 M 

NT 68 hT 
NT 69 NT 
11 84 30 

I 1  119 29 

18 117 42 

20 129 45 

20' 129 45 

156 68 
220 52 

320 63 

a. HPZB - Maximum Permissible Lung Burden. (ICRP Publication 2 ,  0.016 pCi or alpha-emitting 
p:vtonium, averaged annually) 

b. Positive body count, but exposure conditions of plutonium burden 
not estimated prior to 1974. 

C. 

d. 

Term - cumulative number of employees that have terminated their employment at 
Rocky Flats and had that lung burden during the termination year. 
NT - No: tabulated. 
until 191; when totals sirce 1964 were determined for each category. 

Sumaries kept only on individuals who had exceeded the HPLB 

e. Prior to 19?&, plutonium burden was not estimated. 
o f  counting data has been done to estimate content of plutonium for active employees 

Beginning in 1974, analysis 

f. A. noted in the above numbers for 1974, there were 74 employees wit!r positive 
body counts but with unknown exposure condition or plutonium burden. 
o f  their burdens were made and the number o f  individuals was added in each 
column, as appropriate, to the number of employers known to belong in these 
colupma. 

Estimates 

/ 8 .  Best estimate of the plutonium burden was not sade for  terainated enployres. 
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An increased incidence o f  chromosome aberrations in lymphocyte culture is a very 
sensitive indicator of radiation exposure. 
1972 of the chromosomes of cultured peripheral blood lymphocytes from workers at 
Rocky Flats. 7-13 To date over 1,400 samples from more than 1,050 persons have been 
studied. These participants include all cooperating workers having more than 0.002 
pCi systemic burden (5% HPSB) and/or 0.0016 uCi lung burden (10% HPLB) of plutonium 
as determined by urine analysis and body counter data, respectively. Some of these 
indivioL-ls had burdens obtained in incidents dating back approximately 20 years. 

Control populations were (1) 49 employees having no known work history around 

A cytogenetic study was undertaken in 

-I 

plutonium, ( 2 )  19 Denver area residents, and (3) over 50 employees having work his- 

..- 
tories in plutonium production areas with varying measured doses of penetrating 
radiation exposures but no measured internal deposition o f  plutonium. A medical and 
work history questionnaire was completed for each individual regarding their history 
of smoking, exposure to potentially cytotoxic materials, exposure to medical X rays, 
hereditary genetic histories, health and medication records, and work areas while 
employed at Rocky Flats. For the past two years, baseline samples from new employees 
have been obtained. 

The purpose of the study vas to sxplore chromosome aberrations in peripheral 
lymphocytes as an in vivo biclogical dosimeter for effects from internally deposited 
plutonium. An increased incidence of chromosome aberrations has been observed in 
plutonium-exposed Rocky Flats employees, '-I3 with the data showing a linear dose- 
response relationship between the burdens of plutonium and the aberration rate in 
peripheral lymphocyte chromosomes. l3  
is not known to relate to biological effects influencing survival (see Appendix G I .  

The occurrence of these chromosome aberrations 

ti-16 
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Abstract 

Recently completed tests  of the collection effectiveness of the 

Rocky Flats Hi-Volume Sampler are compared to  previously completed tests  

of the Standara Hi-Volume Sampler for ;1 variety o f  f ield replist ic  

conditions. Collection effectiveness i s  defified as the ratio of the 

aerosol collected on the collection substrates o f  the sampler to  that 

collected by s n  isokinetic sampling system. 

The collection effectiveness of  the Rocky Flats Hi-Volume Sampler 

was determined as a function of  particle size (1 um-34 um), 

speed (1.52-12.19 m/scc) and sampler orientation to  the mean flow (Oo, 

45', 180'). 

680 % i n ,  has an inlet effectiveness that was a slight function o f  

wind 

The results show the sampler, with an inlet flow rate of  

orieritatinn angle f o r  particles 1-10 um w i t h  a larger effect seen for 

20-34 um; a strong effect of velocity was seen up t o  5 m/sec where a 

further increase showed only a slight decrease i n  effectiveness. A t  

the 0' orientation and 6-12 m/sec approach flow =peeds. the effective- 

_- 

ness ranges from 75 percent at IO urn t o  15 percent at  34 wu. 

results compare quite favorably w i t h  the Standard EPA Hi-Volume Sampler. 

The Microsorban-98 f i l t e r  that was used i n  the sampler was also 

The 

tested for efficiency over the size range of particles from 0.01-1 um 

and w i t h  three different face velocities csing the sampler flow rates 

of 600, 800, and 1000 L/min corresponding to  pressure drops of 20-24 

inches of water (3.73-4.49 cm Ilg). 

fiber type, was found to be greater than 99.9 percent efficient over 

t h c  range of particle si tes  and pressure drops tested. 

The f i l t e r  paper, which Mas o f  the 

1 - 2  
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MIBIENT AEROSOL SAMPLERS 
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Introduction 

In let Effectiveness 

The capability of commercially available ambient aerosol samplers 

to successfully ingest particles greater than 5 vm has become of 

increasing interest in the last few years. The purpose of this paper is 

to evaluate the Rocky Flats Hi-Volume Sampler for effective collection of 

particles in the size ranpe 1 to 34 vm. 

exploit natural resources in scarch of alternate sources of energy, an 

As attempts continue to further 

increase in potential deleterious environmental impact is possible due 

to aerosolized particles arising from such operations as mining oil 

shale, coal gasification and fuel transportation and utilization. The 

burning of high sulfur content fuels necessitating the use of scrubbers 

may increase the presence o f  larger sulfate carrying droplets which 

could cause property damage. 

anthropogenic activities as accidental or purposeful weapons explosions, 

radioactive wastes, agricultural operations, construction, strip mining, 

demolitions, and aerial pesticide disseminations to mention some. 

Wind aerosolized dusts exist from such 

Characterization of the concentration of suspended particles in 

! the ambient atmosphere is primarily accomplished through the use of 
1 

several thousand Standard Hi-Vol Samplers (197! )  spread across the 

United Siates. These samplers have 3n efficiency approaching 100 percent 

fo r  particles for which the gravitational and inertial forces are S a 0 1 1  

.(less than approximately 5 urn); however, for larger-sited particles t h c  

efficiency is quite variable and depends upon particle site, wind Speed, 

sampler orientation to the mean wind direction (Wedding, 19771, and to 

3 lesser degree upon air sampling rate. To enable evaluation of 



Hi-Vol d3ta, it is desirable to acquire additional knowledge of inlet 

particle collection effectiveness of the system. 

may be judiciously used for future judgments in aerosol sampler 

selection. 

for sampling in situations in which large wind-blown dust particles are 

present. 

into the samplers has only recently been published (Wedding, 1977). 

To provide the basis for understanding of the effectiveness o f  

The resulting data 

For example, Hi-Volume samplers have been used extensively 

The efficiency with which these larger particles are drawn 

various ambient air samplers so as to suggest areas for which fruitful 

design improvements may be made, it is of necessity that the performance 

of these samplers be examined under controlled, simulated field 

conditions. 

tunnel facilities which are appropriately equipped to obtain uniform 

profiles of monodisperse aerosol in a realistic fluid flow situation. 

The facility must be large enough such that flow blockage is precluded-- 

meaning fluid and particle streamlines around the sampler are not altered 

by the presence o f  the sanpler. 

Colorado State University through the Aerosol Science Laboratory in the 

Fluid Mechanics and Wind Engineering Program, Civil Engineering Department. 

This goal can best be acconplished through use of wind 

Ssch facilit i s  are available at 

Key results of prior tests conductcJ by Wedding (1977) will be 

presented for comparison purposes along with the study just completed on 

the Rocky Flats Hi-Volume Sampler. 

Efficiency of the !.ficrosorban-98 Nembrane Filter 

tshiic numerous papers appear in the literature on the subject of 

filtration efficiency, most of them were concerned with mathematically 

modcling the capture mechanism and few trave detailed experimental tests 

on the filtration efficiency o f  fiber or membrane filters ovcr 3 wid2  

1 - 4  
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range of particle sizes and pressure drops'. An experimental 

evaluation o f  the efficiency of this filter was pel-formed. The 

microsorban filter had been tested previously (USNRL, 1963) but it is 

doubtful that the 1964 versiofi was the same filter. As some of :he 

particles present in the atmosphere may be of submicron size, the 

question of filtration efficiency must be addressed. 

is used as the filter medium in the Rocky Flr?ts Hi-Volume 31r sanpler. 

Hicrosorban-98 

'. 

Experimental Procedure 

Kind Tunnel Tests 

The test results on the Rocky Flats sampler were based upon studies 

conducted in the Environmental Wind Tunnel facility at Colorado State 

University shown schematically in Figure 1. 

widc test section with a roof that can be adjusted up to 2.44 m in 

height--a feature which allows the tests to be conducted with 3 zero 

pressure gradient in the direction o f  flow. 

was performed with a 1.83 m ceiling height sufficient to preclude 

blockage effects which require less than 5 percent obstruction in the 

The tunnel has a 3.65 m 

The present ser'ies o f  tests 

tunnel cross sectional area (Maskell, 1965). Prcvious tests involving 

the Standard Hi-Volume Sampler (Wedding, 1977) and the recent study of 

the Rocky Flats Hi-Volume Sampier were compared for a variety of field 

realistic conditions using monodisperse aerosol {S-SO, urn for the previous 

tests ond 1-34 urn for the Rocky Flats tests), variable flow velocities 

and at different inlct orientations to the mean flow. 

Figure 1, the aerosol was generated using thc vibrating orifice type 

Referring t o  

atomizer (Wedding, 197S, 1978) opcratinp in an inverted manner. The 

*There is at present a study underway at the University of Minnesota 
mdcr the direction o f  Dr. 8. Y. tf. Liu aimed at devcloping a hsnJhook 
on filtration efficiency. 
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particles were injected into the tunnel through two 1S cm diameter tubes 

positioned in the roof of the tunnel. 

The consistency of the aerosol concentration was determined prior 

to and subsequent tu each test using two isokinetic sampling manifolds 

positioned in two parallel horizontal plane;, six inches apart vertically 

and spanning the sampler inlet. * Each manifold was approximately 90 cm 

in width with the six isokinetic sampling nozzles and filters spaced at 

equal intervals (4s cm) on the same plane. The sampling effectiveness 

of the two instruments was then determined by comparing the quantity of 

aerosol deposited on the collection substrates of a particular sampler 

to that detected by the isokinetic sampling system with appropriate 

corrections for differences in sampling volumes. 

Figure 2 reveals the Rocky Flats samp:er tested and the Standard 

Hi-Volume sampler with inlet flow rates, dimensions, and angle orientation 

conventions noted. 

in the field, so the sampling effectiveness of this sampler vas determined 

with the pole in place in the wind tunnel. 

The Rocky Flats samplers are attached to power poles 

Sample Analysis 

The particles used in the studies were formed from the atomitation 

of  an oleic acid solution tagged with uraninr dye, the latter used for 

increasing mass sensitivity through fluoroscopic analysis. Analysis was 

performed by washing the collection substrates (filters) from the 

particular sampler being tested in pure ethanol. 

was diluted 1:l with distilled water. 

The resulting solution 

One cirop of 1 N XaOH w3s added to 

8 4 ml aliquot of each sample solution to stabilize and rnaximi2e 

fluorescence. These sliquots were quantified in teras of fluorescent 

content with the aid of a calibrated Turner Model 111 fluorometer. 

1 - 6  
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Filtration Efficiency Tests 

In the absence of electrostatic effects, filtration efficiency of 

filters varies with particles size an;( flow rate. For a givcn particle 

size 3nd flew rate, efficiency i s  defined as the ratio o f  the number of 

particles retained by the filter after passage of a known volume of gas 

to the original number of particles in the same volume of gas before. 

passage through the filter. Efficiency is defined as one minus the ratio 

of the downstream to upstream number concentration c,f the particle size 

of interest. 

The filtration efficiency of the Microsorban-98 filter was detemined 

by means of the experimental setup shown in Figure 3. 

made at flow rates of 15.6, 20.7, and 25.9 P/rnin through a filter section 

held in a commercial 47 mm filter holder. 

filter face velocities of 27, 36 and 45 cm/sec, equivalent to those 

occurring at flow rates of 600, 800, and 1000 E/min respectively, in the 

Rocky Flats Hi-Volume sampler. The experimental apparatus consisted of 

a submicron atomize? (Liu, 1975), a charge neutralization and dryin2 

chambsr, 8 filter holder in parallel with a bypass line, a vacuum pump 

and flow metering equipment, and an Electrical Aerosol Analyzer ( T h e m -  

Systems Inc., Model 3030). 

utilized has the ability to accurately rsolve a size distribution 

consisting of particles between !loland 1 microns into 8 logarithmicslly 

equal increments. 

Measurements were 

t Tnese flow rates resulted in 

The Electric rl Aerosol Analyzer (EAA) 

This resolution was sufficient for the scope of this 

/' study. 

The filtration efficiency of the Microsorban-98 filter was detemined 

as follows: 

solution in the syringe pump atomizer, 

a polydisperse aerosol was formed by atomization of a NaCI 

The atomizer was operated at a 



. 

I 

I 

pressure of 50. fi N/cm2 (35 psig) , resulting in an seroso~ flow rate o f  

4.31 Llmin. Excess electrical charge on the aerosol, a consequence of 

the atomization process, was neutralized with the lid of the 10 nilli- 

curie SR-85 source, asd the aerosol was dried in a 12.7 cm (S in). 

61 cm (24 in) long diameter tube containing silica gel. The upstream 
3 numbcr concentration (particlesjcm ) was measured by closing valve 2, 

opening valve 1, and with the FiM flow rate set, adjusting valve 3 until 

the flowmeter indicated the difference between the desired flow rate 

and the aerosol flow rate. 

charge-neutralization chamber to reach a steady state concentration, the 

EAA output was recorded at the intcrnally programmed nine high voltage 

settings. The overall operation and theory of the instrument is given 

by Liu (1975). The instrwent's reproducibiiity and reliability have 

Seen well documented. The si:e distribution downstream of the ti:ter 

was determined in like manner uith valve 2 opened and valve 1 closed. 

The pressure drop across the filter wes monitored during measurement of 

the downstream number concentration. 

in this experiment, direct use was made of the data without a need to 

correct fur volume expansion across the filter as the correction was 

less than 6%. 

determined by ratioing the corresponding values of the downstream to 

the qstrcam number concentration measurements and subtracting this 

number from 1. 

After a time sufficient for the drying-and- 

For the pressure drops encountered 

Thc filter efficiency of each size range increment was 

Results and Discussion 

Samplcr Effectiveness 

The reduced data for the Standard Hi-Volume 

-IW F l a t p  samaler are presented in fable 1 for 

sampler and the 

comparison purposes. 



llrc sampler effectiveness was determined a t  four differar-t particle sites 

(1, 10, 20, and 34 urn), three different approach flow orientations and 

veloci t ies  fran 1.52-12.2 m/sec. Presentcd in Tablc 1 i s  d3t3  a t  

%j m/scc along w i t h  the Standard Hi-Volume Sampler which was tested 

previously (Wedding, 1977) a t  particlo sites ranging from S-SO clm, and 

orientation angles of Oo and 45'. 

the twa samplers di f fer  appreciably (1415 and 880 t h i n  f o r  thi!  Standard 

Hi-Volume and t h e  Rocky Flats  Sampler, respectively). 

Note that the inlet  flow rate5 o f  

Considering the Rocky Flats  sampler, orientation angle is not 

important for  pa-ticles 2 10 urn and the 45" orientation i s  more ef f ic ient  

than 0' for the larger particles.  

power-support pole direct ly  upstream so i n i t i a l l y  one may presuppose 

that the 180' 2osition would have a lower effectiveness t h a n  the 0'. 

This doesn't prove t o  be the case as t h c  180' direction is more ef fect ive  

than the 0' direction, ' the ?a t ter  orientation acting more as a pure 

impaction surfacc. 

velocity somewhat (15-20 percent determined by hot wire anemometer 

velocity measurements o f  the entxre in le t )  as well as create a ne-stive 

pressure region t h a t  serves to cause the 20 urn particles t o  enter the 

inlet more effectively than at O o .  

effcctiveness is about the same a t  20-23 percent. 

proves t o  be the most eifective overall in let  orientation. 

The 180' orientation places the 

The effect  of t h e  pole i s  seen t o  increase the inlst 

A t  the 34 urn paxticle s ize ,  t h c  

The 45' direction 

The Standard Hi-Volume i s  even more ef f i c ient  a t  ISo tLan the 

Rocky Flats  but proves to  be more sensitive t o  orientation. The flow 

around the Standard Hi-Volume inlet is extremely unsound aerodynamically 

ui.th the sharp corners causing the separated flow pattern to  dcviate 

grcotly w i t h  angle. Note a lso  that  the in le t  flou rate  is substantially 

1 - 9  
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greater so that the flow area effectively altered by the inlet velocity 

is greater t h a n  the Rocky Flats sampler and thus one may expect a 

greater capability t o  a l ter  the trajectories of large particles. 

These Hi-Volume samplers tested have a separation flow region whose 

csifect on particle 'rsjectories i s  complicatea more so oy tire presence 

o f  the power pole i n  the case of the Rocky Flats sampler. 

trajectories are altered by the presence of t h e  free shear layer that 

accompanies separated regions- 

The particle 

In the lower particle size ranges 

(f 10 pdmore d i f f u s i o n  controlled behavior tends to cause the  cloud 

concentration t o  become more homogeneous throughout the separated region 

around t3e sampler enabling relatively efficient particle entrance i n t o  

the sampler (wi th  more particles probably entering the i n l e t  from the 

downstream side). 

governed, the particles are deflected less around the sampler and begin 

to  penetrate closer t o  the sampler body i t s e l f .  

more losses by impaction on the sampler exterior and fewer particles 

w i l l  successfully negotiate the two sharp turns required to  enter the 

i n i o t .  

effectiveness i s  seen to  exist between increased inertial losscs versus 

the increased penetration of the particles to  that area near the inlet 

A; the particle behavior becomes more inertially 

There will tend t o  be 

Thus, as particle s i re  increases, a tradeoff on the inlet 

uhere there is sufficient aerodynamic force created by the inlet 

velocity to  a l t e r  the particle trajectory to allow i n i t i a l  entry into 

the inlet.  

of a prismatic-like b l u f f  body w i l l  serve more nearly like an impaction 

surface so that one cannot expect the inlet af€ecti*:eness curves to  bc 

directly predictable by inertial  mechanism alone (i .e. ,  proportional to 

the square of the particle s ize) .  

To conclude, only the upstream portion at a Oo orientation 

One may even see a tendency f o r  the 

I - 10 
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effcctiveness to increase for a time f o r  certain flow geometries as the 

particle size increases due to  the greater abi l i ty  of the particle t o  

cross the fluid streamlines. 

.:nd 7 where the effectiveness curves tend t o  have an upward l i f . i n g  or 

flattening out tail on :hen at the lsrgergartiz:e si:es. 

This trend i s  noticcable i n  Figures 5 

Figure 4 i s  a reproduction o f  part o f  a figure that appeared i n  

Wedding (13?7) w i t h  the present data from the Rocky Flats Hi-Volume 

added i n  for comparison purposes. 

Figures 5, 6 ,  and 7 reveal the effect  o f  particle size on the 

sampling effectiveness o f  the Rockwell International Sampler at the 

three orientation angles of Oo, 45' and 180°, respectively, and at three 

representative test  velbcities of  1.52, 6.09 and 12.19 m/sec. 

aforementioned tradeoff i n  inertial  effects i s  seen as the plots do not, 

i n  general, decay proportional t o  the square of  the particle size. Note 

at the Oo and 45O orientations the larger particles (34 urn] penetrate 

through t h e  free shear layer closer t o  the sampler than the 20 urn 

particles thus  realizing nearly the same sampling effectiveness. This 

effect is  not seen at the 180 angle as the flow around the sampler behaves 

less l ike  a b l u f f  body due to  the presence o f  the power pole. Assuredly 

the ?effectiveness would decrease w i t h  further increase i n  particle size 

but the argument for the 20 and 34 pm particles being sampled w i t h  near 

equivalent effectiveness i s  as explained earller.  

The 

I 

Figures 8, 9 ,  10 are plots o f  sampling effectiveness versus velocity 

at three different orientations of OD, 4S0 ,  and M O O ,  respectively f o r  

the four different particle sizes o f  1 ,  10, 20, and 34 urn. Two interest- 

ing effects are evident from these plots. First ,  a t  the lower velotit ies ,  

near impaction efficiency form of t h e  plot results a t  t h e  0. orientations 

1 - 11 
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for the IO and 20 urn sizes and at 180' for the 20 3nd 34 urn data. The 

fluid flow effects discussed earlier are lessened and one sees a decay 

rate approaching the square of the particle size ratio. Secondly, one 

, 

_-- 

Pees that increasing velocity past -5 rn/sec has relatively little effect 

on sampling effectiveness except at 180' where the upstream position of 

the pole tends to cause sone impaction losses at the higher velocity of  

12.19 m/sec. 

In previous tests of this type (Wedding, 1977) a turbulence 

generating biplane grid was placed in the wind tunnel upstream of the 

sampler test location to note the effect of approach flow turbulence on 

sampling effectiveness. Nont was found. Thus, the przrent tests on thc 

Rocky Flats Sampler were conducted withoct the grid at 2 tunnz! back- 

ground condition of ? 1% relative turbulence intensity (ratio o f  the 

root mean square of the fluctuating component of velocity to the local 

mean velocity, longitudinal direction) as no effect of turbulence on 

sampl ir.g effectiveness was anticipated. 

Note that in experimental studies involving the behavior of particles 

in turbulent flow regions, there will exist scatter in the data. For 

example, Figure S has values for .-ampling effectiveness of 17, 21 3nd 

32 percent for a 34 urn particle at the 12.19 m/sec velocity for an averqc 

value of percent and a stanZard deviation of 7.8 percent. 

common for a researcher to encounter such variability in even these tests 

where all test paramsers of velocity, particle sire. sampler orientation 

and sampler flow rate* were strictly controlled. 

It is 

These have been 

discussed in great detail with colleagues at other institutions to include 

*The Hi-Volume Sampler flow was not recalibrated during wind tunnel 
tcsting but operated at the calibration condition as providcd by 
Rocky Flats personnel. 

\ 



BWL, University of Minnesota, University of Illinois, Battelle Columbus, 

Texas A t M llniversity and University o f  California at Davis. 

realized similar problems in exactly rcproducing test data points. 

earlier work (Wedding, 1977) specific points were rerun as many as 

8 times to prove a value. 

as opinions of fellow researchers, we have the utmost faith in the 

accuracy of published data and recommend the curve averages as presented 

in the figures are adequate representations of data values and trends. 

All have 

In 

Relying on personal past experience as well 

Filter Efficiency 

Table 2 contains data for a representative test of the filtration 

efficiency results of the Microsorban-98 Fiber filter. Particle sizes 

from 0.01 - I pm were tested at a pressure drop of -4.5 cm Hg. 

concentrations (particles/cm ) are given for the indicated size incre- 

Upstream 
3 

ments and a cumulative percent by number calculacion is shown. 

that while tbe cumulative percentages in column 3 reach values near 100 

for the larger size increments used, there are still sufficient particles 

present to conduct meaningful tests. 

Note 

There were no particles detected 

downstream of thr? Microsorban-98 Filter for any of the three face 

velocity conditions noted earlier. 

particle size of the instrument ultimately is 0.0032 urn and 0.01 um was 

used in these tests. 

given in Table 2. 

column 5 to column 2 and the maximum filtration efficiency-is presented 

in column 6. 

tlirough the filter for any size ranges. The ninimurn detectable conccn- 

tration presented in column 5 is based upon the background noise of tbc 

instrument. Thus, the collection efficiencies as shown in column 6 are 

The limit of detectability for 

The minimum detcctable concentration is a l so  

The minimum penetration is detemincd by ratioing 
/ 

Column 4 indicates that no particles were detected passing 

- 
/ 
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conservative estimates ar.2 w i l l  be higher i n  laOst cases. 

figure of 99.8% i n  coluam 6 for the 0.562 - 1.00 pa particle i i rc  does 

not indicate that the efficiency i s  anticipated to be lower for these 

larger partictcs but merely reflects the lower upstream concentration 

of 1.236 x 10 part icles/cr~~  approaching the filter. 

Note tbt the 

3 

, 
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Sampler vs. Particle Diameter for an Orientation Angle (a) 

Sampling Effectiveness of the Rockwell International Hi-Volume 
Sampler 'IS. Particle Diameter for an Orientation Angle (u) 

Sampling Effectiveness of the Rockwell International Hi-Volume 
Sampler vs. Particle Diameter for an Orientation Angle (a) 
of 180'. 

Sampling Effectiveness of the Rockwell International Hi-Volume 
Sampler vs. Velocity for an Orientation Angle (a) of 0'. 

Sampling Effectiveness of the Rockwell International Hi-\'olume 
Sampler vs. Velocity for an Orientation Angle (a) of 45'. 

Sampling Effectiveness of the Rockwell International Hi-Volume 
Sampler vs. Velocity for an Orientation Angle (a) of 180.. 

Qf 0'. 

6 

of 4s0. 

7 

8 

9 

10 

Tab1 e 

1 Comparison of the Sampling Effectiveness (%) o f  the Rocky Plats 
Hi-Volume Sampler and the Standard Hi-Volume Sampler at 
CS m/sec for various particle sizes. 

Typical Set of Data Showing Particle Si:es Employed and 
Concentrations Measured During the Efficiency Tests of the 
Microsorban-98 Fiber Filter Tested at Pressure !23? 4.5 cm lis. 
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Table 1. Comparison'of the Sampling Effectiveness (%) of the. 
Rocky Flats Hi-Volume Sampler and the Standard Hi-Volume 
Sampler at -5 m/sec for various particle sizes. 
1: Standard Hi-Volume 
2: Rocky Flats Hi-Volume 

, 
Particle Diameter (urn) 

- IO2 

Sampler Orientation 
45 180 0 45 180 0 45 180 0 45 180 . - - - - - - - - - - -  

1 97 100 - - - -  35 55 18 41 - 7 34 - 
2 100 100 100 75 72 72 27 42 47 20 30 23 - - - 

.- 

1 - 1415 &/lain 
2 = 880 &/min 

Sampling rates 
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WPENDIX J 
Llsl  OF PREPARERS 

The principal preparers of the RFP EIS (Vol. 1) are listed alphabetically, with a brief description 
of thelr qualifications, i n  the list that follows: 

Ear1 W. Bean, B.S., Registered Professional Nuclear Engineer, 17 years experlence i n  NClear technology 

Robert W. Bistline, Ph.O., 13 years experience i n  health physics and radiation biology 

Reryln R. Boss, B.A., 77 years experience i n  health physics. nuclear safety, a i r  pollution control, 
radiation dosimetry and standards engineering 

Bert 1. Ctist, M.S., 10 years experience i n  Cealth physics 

Loren M. Crow, Ph,D., 37 years experience i n  meteorology 

Duane A. Dunn, M.S., 26 years experience i n  rllclear materials control 

- 
Roger 8. Falk, M.S., 13 years experience i n  internal and external dosimetry 

John A. Geer, M.S., 30 years experience i n  chemical engineering and u t i l i t i e s  administration 

/ 

John A. Haydcn, B.S., 23 years experience i n  chemical research, soil  science, and particle resuspension 

John C. Hayden, 4.6.. 15 years experience in  security management, nuclear safeguards and emergency 
Preparedness 

Margaret F. Hickey, M.S., 11 years experience i n  mclear physics, chemistry, envirormental research 
and land management 

-Daryl 0 .  Hornbacher, M.S., 11 yearr experience in chemistry, physics, engineering, and enviromental 
monitoring 

Robert D. Honerton, A.B., 21 years experience i n  canmnications, public affairs, and technical edfting 

Douglas C. k n t ,  Ph.O., Registered Professional Environnental Engineer, 16 years experience i n  mclear 
7 safety and envirormental science research 

R. Theodore Hurr, M.E., 16 years experience i n  geology and groundwater hydrology 



Charles 1. I l l s l ey ,  H.S., 24 years experience in geology, geochemistry, radiochemistry, and so i l  science 

Charles W. Jacoby, M.B.A.. 21 years experience i n  chemical research, engineering, auditing, and 

industrial safety 

Delores H. Krieg, 27 years experience i n  transportation management 

, 

c 

James H, Langsted, M.S., 3 years experience i n  internal dosimetry 

Maurice E. Maas, 27 years experience in  radioactive waste processing 

Raymond L. Miller, B.S., 26 years experience in  health physics and emirormental protection 

Deanne Pecora, Ph.D., 11 years experience i n  cr i t ica l i ty  safety 

Edward A. Putzier, R.A., Certified Health Physicist, 28 years experience i n  health physics 

James E. Randall, 0. :., 16 years experience i n  ruclear weapons engineering and goverrment law 

W i l l i a m  B. Sayer, M.S., Certified Health Physicist, 18 years experience i n  health physics, engineering, 
and meteorology 

Judith Selvidge, D.B.A., 10 years experience in decision and r i sk  analysis and statistics 

Jerome 0. Shaykin. 8.5.. Certified Public Health Sanitarian, 40 years experience i n  public health 

ranitaticin and emirormerital health 

Kenneth E. Shirk, B.S., 13 years experience i n  engineering design and u t i l i t i e s  operation 

TERA Corporation, a diversified consulting firm i n  envirormental science and ruclear engineering, 

was responsible f o r  preparing the preliminary draft environnental impact statement 

Milton A. Thompson, Ph.D., 22 years experience i n  chemistry research and development, nuclear waste 

management, envi rormental research, atxi applied envi rormental science 

Marilyn V. Werkema, Ph.0.. 14 years experience i n  chemistry, crystallography, metallurgy, and 
emirormental SC ience 

Terrol F. Winsor, Ph.0, 7 years experience i n  terrestrial ecology and radioecology 
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Uoodwa ril-cl yde Consultants, a consulting f i n  i n  earth sciences, geotechnical engineering and 

enviromental sciences, was responsible for preparing sections on geology, hydrology, and 

selsmol ogy 

Robert E. Yoder, k.D., Certified Health Physicist, 25 years experience in health physics, safety 

engireering, and envi rorrnental sciences 

Edwar3 R. Young, B.S., 20 years experience i n  product engineering, production control, warehousing, and 

security and safeguards 

volume I1 preparers are identified with their respective contributions- 

- 
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Strasburg vicinity, COZMNCllli CROSSING OF 1111: KANSAS PACIFIC RAILROAD, On Union 
Pacific Railroad tracks E of the Strashurg depot, (8-10-70) PtiOO66109 

boulder county 

Boulder, CHAUTAUQrlA AUDITORIUM, Chautauqua Park , ( I  -21-74) PH~06612S 
Boulder, COLORADO CH.IUTAUQ!JA, Chautauqua Park, (3-21-78) 
Boulder, HIGHLASD SCIIOOL, 8 8 5  Arapahoe Avcnue, (12-18-78) 
Boulder, SQUIRES-TOURTELLOT, quires-Tourtellot 

Lciigmont. ST. STEPHEN’S EFISCGP.\I. CHURCH, 1881, 470 Vain Street, (2-24-7;) 
Lyons. 
Lyons. LYOSS RAILROAD DEPOT, 400 block o f  Broadway, (12-2-74) PHO066133 
Nard vicinity. NODOC PIILL, S of Nard, (12-27-78) 

co Ocf OiO9 1019 Spruce Street, 
(8- IO- 78) 

FIRST COSGRLCATIOSAL CHURCI1 01’ LYOSS, High and 4th Streets, (12-12-76) 

c lear  crcck counQ 

Georgetown. ALPISE HOSE CO?IPANY S O .  2 ,  SO? 5th S t r e e t ,  ( 1 - 2 5 - 7 3 )  PH0066176 
Georgetown. 

Georgetown. HMfILL HOUSE, Argentice and 3rd Streets, (5-31-72) PHOOs6214c. 
Georgetown. HOTEL DE PARIS, Alpine Street, (4-28-71)) PHO066222c. 
Georgetown. NCCLELLAN IIOUSE, 919 Taos Street, (12-5-72) PH0066257 
Georgetown. 

Georgetown-Silver P:ume vicinity. 

Georgetown vicinity. 

Idaho Springs. ARGO TUNNEL AXD MILL, 251i Riverside Drive, (1-31-78) 
Silver Plume. SILVER PLUME DEPOT, off 1 70, (5-6-71) PH0066273 
Silver Plume vicinity. .LEBANON AND EVERETT NINE TUNNELS, NE o f  Silver Plume 

CRICC EPISCOPAL CHURCH, Taos Street, between 4th and Sth Streets, 
(8-14-73) PH0066206 

TOLL HOUSE (JULIUS C. YOHLE HOUSE), S side of Georgetown adjacent 

GEORGCTOKN-SILVFR PLUME HISTORIC DISTRICT, 

ORE PROCESSING MILL AND DAM, 1 mi. SW o f  Georgetown of f  

to  I 7 0 ,  112-18-70) PH0066281C. 

(11-13-661 PH0066192NHL;C. 

I 7 0 ,  (5-6-71) Pfi006626Sc. 

adjacent to I 70 right-of-way, (in-7-71) PH0066231 c. 

denver county 

Denver. ALL SAINTS EPISCOPAL CHURCH, 2222 W. 32nd Avenue. (6-23-78) 

BAILEY HOUSE, 1600 Ogden Street, (9-18-78) 

Denver. AURARIA 9TH STREET HISTORIC DISTRICT, (3-26-73), PHQ0663?OC. 

Denver. 



__--- 
I -- 

Denver. BELCARO (PHIPPS HOUSE), 3400 Belcaro D r i v e ,  (2-13-75)  HABS. 

Denver. BOSTOS BUILDING. 828 17th S t r e e t ,  (9 -18-78)  NABS. 

Denver. RRINKER C3LI.EGIATE ISSTITUTE, 1725-1727 fremont P l a c e ,  (10-28-77)  
Denver. BROKN, MOLLY,  HOUSE, 1340 Pennsylvania S t r e e t ,  (2-1-72)  PH0066346C. 
Denver. BROWN PALACE HOTEL, 17th S t r e e t  and Tremont P l a c e ,  (4-28-70)  Pit0066354 

Denver. EYERS-EYANS HOUSE, 1310 Bannock S t r e e t ,  ( 8 - 2 5 - 7 0 )  PH0066362 
Detlver. CATIICDRAL OF TflE I3PfACULATE CONCEPTION, NE corner  of  Colfaz Avenue 

Denver. CENTRAL PRES6YTt:RIAY CHURCH, 1660 Sherman S t r e e t  I (11-21-74)  PH0066389HABS. 
Denver. CHRlST !IETHDCIST EPISCOPAL C W R C H ,  2201 Ogden S t r e e t ,  (11 -7 -76)  

and Logan S t r e e t ,  (3-3-75) 

Denver. CIVIC CENTER, Between Grant and Delaware S t r e e t s ,  S af 13th Avenue, 

Denver. COLORADO GOVERNOR’S ZtANSIOS, 400 E. 8th  Avenue, (12-3-69)  PH0066516 
Penver. 

Denver. CORNh’ALL APARTMEKTS, 1.117 Ogden S t r e e t ,  912 E. 13th Avenue, (10-8-761 
Denver. CRESWELL MANSIQS, 1244 Grant S t r e e t ,  (11-25-771 
Denver. CROKE-PATTERSON-CAVPBELL NASSION. 428-430 E. 11th Avenue, (9-19-731 

Denver. CURRY-CtIllCOPIClt HOUSE, 1439 Court P l a c e ,  (6-9-78)  
Denvcr. CURTIS-CHAVP,l STREETS DISTRICT, Roughly bounded by Arapahoe, 30 th ,  

( 2 - 2 7 - 7 4 )  PH0066397 HABS.  

CONSTITUTIOS HALL (FIRST SATIOSAL BASK BUILDING), 1507 Blake S t r e e t ,  
(8 - 2 5 - 70 ) :’HO 06 6 4 0 1 

Ptl0066419HABS. 

C a l i f o r n i a ,  and 2 4 t h  S t r e e t s ,  (4-1-751 
Denver. DANIELS ASD FISHER TOWER, 1101 16th S t r e e t ,  (12 -3 -69)  PH0066427 
Denver. DEN?FR DRY GOODS COWA!!Y BUILDING, 16th and Cal i forn ia  S t r e e t s ,  

Denver. 
Denver. ELITCH THEATRE, W. 38th Avenue and Tennysorl S t r e e t ,  (3-31-78)  
Denver. EMNANUAL SHEARITH ISRAEL CHAPEL (EZNASUEL EPSICOPAL CHAPEL) 1201 

Denver. EQUITABLE PUILDING, 730 17th S t r e e t ,  (1-9-78)  
Denver. 
Denver. FIELD, EUGENE, HOUSE, 715 S. Franklin S t r e e t ,  ( 1 1 - 1 - 7 4 ) ,  PH0066460HAES. 
Denver. 
Denver. FITZROY PLACE. 2160 S. Cook S t r e e t ,  (2-20-75)  
Denver. FORD, BARNEY L . ,  BUILDISG. 1514 BLAKE S t r e e t ,  (6-24-76)  
Denver. FOSTER, A. C . ,  RUILDISG, 912 16th S t r e e t ,  (1 -9 -78 )  

Denver. FOUR-MILE H O U E ,  715 S. Forest  S t r e e t ,  (12-3-69) PH006349dHABS. 
Denver. GHOST RUILDTSG, 500-518 15th S t r e e t ,  (1 -9 -78)  
Denver. GRANT-IiUIIIPHRLY’S !4XNSION, 770 Pennsylvania S t r e e t ,  (9-30-70) PHO066508 

(1 -9 -78)  
DENVER MINT, If. Colfax Avenue and Delauare S t r e e t ,  (2-1-72)  PI10066435 

10th S t r e e t ,  (12-1-69)  PH0066443 

EVANS PtEMORIAL CHAPEL, Ui,iversi t y  o f  Denver campus, (12-27-74)  PH00664Si 

FISHER, WILLIAF! G. ,  HOUSE, 1600 Logan S t r e e t ,  (11-20-74)  PH0066478HABS 

RABS. 
Denver. HLNBOLDT STREET HISTORIC DISTRICT. Humholdt S t r e e t  betueen E. 10th and 

E. 12th S t r e e t s ,  (12-29-781 
Denver. IDEAL BUILDINC, 821 17th S t r e e t ,  (6 -9 - f7 )  
Denver. KJTTREDCE BUILDISG, 511 16th S t r e e t ,  (12-2-77)  
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, 

Denver . 
Denver. 
Denver. 
Denver. 
Denver. 
Denver . 
Denver . 
Denver,  
Denver. 
Denver. 

( 6 - 9 - 7 8 )  

Denver . 
Denver. 
Denver. 
Denver. 
Denver. 
Denver . 
Denver. 
Denver. 
Denver. 
Denver. 
Dcnve r . 

(5 -24  - 76)  

Denver. 
Denver. 
Denver. 
Denver. 
Denver. 

PH0066 5 5 9 

LARIMER SQ'JARE, 1400  b l o c k  of Larimer S t r e e t ,  ( 5 - 7 - 7 3 )  PH0066524 
LEFEVRE, OWEN i., HOUSE, 1311 York S t ree t ,  ( 8 - 1 3 - 7 6 )  
LORETTO HEIGHTS ACADEMY, 3001 S. F e d e r a l  Boulevard,  ( 9 - 1 8 - 7 5 )  
MARNE, THE, 1572  Race S t r e e t ,  ( 1 1 - 2 1 - 7 4 )  PH0066532 
MASONIC TEMPLE BUILDING, 1614 Welton S t r e e t ,  ( 1 1 - 2 2 - 7 7 1  
MOFFAT STATION, 2105  1 5 t h  S t r e e t ,  ( 1 0 - 2 2 - 7 6 )  
MOORE, DOY, ELEHENTARY SCHOOL, E. 9 t h  Avenue and Corona S t r e e t ,  

PEARCE-EEALLISTER COTTAGE, 1 8 8 0  Caylord S t r e e t ,  ( 6 - 2 0 - 7 2 )  PHOO8876SC. 
PUBLIC SERVICE BUILDING, 9 1 0  1 5 t h  S t r e e t .  ( 7 - 2 0 - 7 8 )  
RICIITHOFEN CASTLE, 7020  E. 1 2 t h  Avenue, ( 4 - 2 1 - 7 5 )  
SCHLEIER, GEaRGE, H W S I O N ,  1665  Grant S t r e e t ,  ( 1 1 - 1 7 - 7 7 )  
SCHMIDT, GEORGE, HGUSE, 2345 7 t h  S t r e e t ,  ( 1 0 - 2 9 - 7 6 )  

SMITH'S IRRICATIO?! DITCH, Washington P a r k ,  ( 1 0 - 8 - 7 6 )  
ST. ANDREW EPISCOPAL CHURCf1, 2015 Glenarm P l a c e ,  ( 3 - 1 8 - 7 5 )  
ST. ELIZABETE'S CHUSCH, 1062  1 1 t h  S t r e e t ,  ( 1 2 - 1 - 6 9 )  PH0066541 
ST. ELIZABETII'S RETREAT CHAPEL (CATHOLIC), 2825  Y. 32nd Avenue, 

ST. JOHN'S CATHEDRAL, 1 4 t h  and Washington S t r e e t s ,  ( 8 - 1 - 7 5 )  

ST. MARK'S PARISH CHURCH, 1160 L i n c o l n  S t r e e t ,  ( 9 - 1 8 - 7 5 )  
SUCAR B U I L D I N G ,  1530 1 6 t h  S t r e e t ,  ( 2 - 1 7 - 7 8 )  
TEARS-MCFARLANE HOUSE, 12"i) Williams S t r e e t ,  ( 1 - 1 1 - 7 6 )  

TEMPLE EMANUEL, 24 C u r t i s  S t r e e t ,  ( 1 0 - 1 0 - 7 8 )  
THOMAS H. H . ,  HOUSE, 2104 Glenarm P l a c e ,  ( 5 - 3 0 - 7 5 )  
TIVOLI BREWERY COFPANY, 1320-1348  1 0 t h  S t r e e t ,  ( 4 - 1 1 - 7 3 )  PH0066583HAER 

TRAMWAY BUILDING, 1100  14 th  S t r e e t ,  ( 1 - 5 - 7 8 )  
TREAT HALL, E. 1 8 t h  Avenue and P o n t i a c  S t r e e t ,  ( 8 - 1 0 - 7 P )  
TRINITY UNITED EIETHODIST CHURCH, E.  1 8 t h  Avenue and Broadway, ( 7 - 2 8 - 7 0 )  

Denver. 

Denver. 
Denver. 

U.S. POST OFFICE AND FEDERAL BUILDING, 1 8 t h  and S t o u t  S t r e e t s ,  ( 3 - 2 0 - 7 3 )  

UNION STATION, 1 7 t h  Street  a t  Wynkoop, ( 1 1 - 2 0 - 7 4 )  PH0066567 
VINE STREET HOUSES, 1415 .  1 4 2 9 ,  1 4 3 5 ,  1 4 4 1 ,  1452  Vine  S t r e e t ,  (12-16-74) 

- BABS. 

PHU066591 
. Denver. KESTSIDE NEIGHBORHOOD, 1 3 1 1 - 1 1 6 6  Lipan Street ,  1 3 0 5 - 1 3 7 0  Kalamath 

S t ree t ,  9 3 1 - 1 1 2 6  W. 1 4 t h  Avenue, 1312-1438  on E s i d e  of Naraposa S t r e e t ,  and 1 0 0 8 -  
1 1 1 8  on N side of W. 1 3 t h  Avenue, (4 -17-75)  

Denver. 
Denver. 

WOOD-MORRIS-BONFILS HOUSE, 707 Washington S t r e e t ,  (12 -4174)  PH0066605 
IAN(;, ADOLPH, .MANSIOh', 709  Clarkson  S t r e e t ,  ( 1 1 - 2 3 - 7 7 )  
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C a s t l e  Rock. C.STLE ROCK I ’ J f + , c ,  4 2 0  I-ltcrt S t r e e t ,  ( 1 0 - 1 1  7 4 )  PH3066621 
C a s t l e  R o c k .  DOUGLAS COlNTY COIIR?IlCI:5E, 3 0 1  W i l c o x  S t r e e t ,  ( 1 2 - 1 2 - 7 6 )  
Den *er v i c i n i t y .  

L a r k s p u r  v i c i n i t y .  SPRING VALLEY SCfifi?L, E o f  L a r k s p u r  a t  S p r i n g  V a l l e y  a n d  

P a l m e r  L a k c  v i c i n i t y .  GLEN GROVE SCHOOL, N o f  P a l m e r  Lake off P e r r y  P a r k  Road,  

Palmer Lake v i c i n i t y .  QUICK, P X N ,  RANCH A!D FORT, 6 6 9 5  k’. Plum C r e e k  Road,  

S e d a l i a  v i c i n i t y .  CIIbRCH OF ST. PHILIP-IN-THE-FIELD AND BEAR CASON CEMETERY, 

S e d a l i :  v i c i r , i t y .  ISDIAN PARK SCHOOL, 10 m i .  ( 1 6  km) K of S e d a l i a  on CO 6 7 ,  

S e d a l i a  v i c i n i t y .  KINSER, J O H N ,  HOUSE, 6 6 9 4  P e r r y  P a r k  Road,  ( 1 0 - 1 1 - 7 4 )  

REAR CANON .I\C;BiCUI.TllUL DISTRICT, S of Denver  on bott :  s i d e s  
o f  CO 1 0 5  f roc  CO 6 7  S t o  Jarre C r e e k .  : 1 0 - 2 9 - 7 5 )  

Lorra i n e  R o a d s ,  ( 12 - 1 8 -  7 8  1 

! 1 1  -5 - I*: ) PtIOOh6648 

[IO-  1 - 7 5  1 PHO066661 

5 mi. S o f  S c d a l i a  on CO 1 0 5 ,  ( 4 - 1 1 - 7 3 )  PHOOE6630 

( 2 - R - i 8 )  

?I10 0 6 6  6 5 6 

g i l p i n  c o u n t y  

C e n t r a l  C i t y .  CENTRAL CITY HISTORIC DISTRICT, (10-15-b6) PH0086975 N H L ; H A B S ; C .  

C e n t r a l  C i t y .  ClNTRAL CITY OPERA IIOUSE, E u r e k a  S t r e e t ,  ( 1 - 1 8 - 7 3 )  PH008698.1 
C e n t r a l  C i t y .  TELLER HOUSE, E u r e k a  S t r e e t ,  ( 1 - 1 8 - 7 3 )  PHQO86991 

j c f f e r s o n  c o u n t y  

Arvada. ARVADA FLOUR MILL, 5 5 8 0  Wadsvorth B o u l e v a r d ,  ( 4 - 2 C - 7 5 ) c .  
B u f f a l o  C r e c k .  BlUE JAY INN, Highway 1 2 6 .  ( 1 0 - 1 - 7 4 )  PHC087041 
B u f f a l o  C r e e k .  LA HACIENDA (JOHN L .  JERO>!!E SUNNER ESTATE), on SR off I1.S. 2 8 5 ,  

B u f f a l o  C r e e k  v i c i n i t y .  GREEN PIERCAXTILE STORE, NW o f  B u f f a l o  C r e e k ,  ( 1 0 - 1 - 7 4 )  
B u f f a l o  C r e e k  v i c i n i t y .  

E v e r g r e e n .  HIWAN HONESTEAD, Meadow D r i v e ,  ( 4 - 9 - 7 4 )  PH0087076 
E v e r g r e e n .  HU?tF!IREY HOUSE, 6 2 0  S. Soda C r e e k  Road,  ( 1 2 - 3 1 - 7 4 )  PHC087uP4 
Golden.  ASTOR ItOUSE HOTEL (LAKE HOUSE, CASTLE ROCK HOUSE), 8 2 2  1 2 t h  S t r e e t ,  

Golden.  COLORADO NATIONAL GUARD ARMORY, 1 3 0 1  Arapahoe S t r e e t ,  ( 1 2 - 1 8 - 7 8 )  
G o l d e n  v i c i n i t y .  MOUNT VERNON HOUSE (ROBERT h’. STEELE HOUSE), a b o u t  1 mile S 

( 7 - 2 0 - 7 3 )  PlfOO87092 

GREEN MO!JNTAIY RASCH, S of B u f f a l o  C r e e k  on Highway 
1 2 6 ,  ( 1 0 -  1- 7 4 )  Pl1008706tr 

(3-1 - 7 3 )  WOO8 7 0  3 3  

of  G o l d e n  c i t y  limits a t  j e t .  o f  1 7 0 ,  CO 2 6 ,  and Mount Vernon Canyon Road,  ( 1 1 - 2 C - 7 0 )  
PffOO8 7 1 I4HA B S . 

. 



Golden v i c i n i t y .  ROOST.) RULII. S o f  Colder., j t t .  of Rooney Road and 4 i a r e o a  

Lakewood v i c i n i t y .  

L i t t l e t o n  v i c i n i t y .  

Parkway, ( 2 - 1 3 - 7 5 )  
STOSC IKXlSL. 5 of Lakexood off  o f  5. k'adsborth Boulevard,  

( 5 - 1 - 7 5 )  
HILDFRRWDI.' K.l.\flf, 7 m i l e s  SK of L i t t l e t o n  o f f  Deer Creek 

Canyon Road, (3-13- '5)  
Morrison.  BIORRISOS HISTORIC DIST?ICT, CO R ( 9 - 2 8 - 7 6 )  
Morf i son .  >lORRSSON SC1iOOLHOUSC, 2 2 6  % r i n g  S t r e e t ,  ( 9 - 4 - 7 4 )  I"008'106 
Pine and South P l a t t c .  

River from Pine  t o  Smith P l a t t e .  i n  P i k e  Sational F a c c s t ,  ( 1 0 - 9 - 7 4 )  PIM0871Z7 
SORFI FORK HISTORIC DISTRICT, both sid-s o f  South 7 l a t i . e  

k'heat Ridgc.  PIONEER SOD HOUSC. $ 0 1 0  Robb S t r e e t .  ( 3 - 1 4 - 7 3 )  PH00871J9 
k'heat Ridge. RICllARDS ?!.t.';SIOS, 5549 h'. 2 7 t h  Avenuc, ( 9 - 1 5 - 7 7 1  

i a r i m c r  r o E n z  

E s t e s  Park. ELKflORS LODGI:. 530  If. Elkhorn AvenLe, ( 1 2 - 2 7 - 7 8 )  
E s t e s  Park.  STASLEY KOTCL, 333 Konder View *venue, (5-26-77) 

E s t e s  Park v i c i n i t y .  LtIFFER HOIJSE, S of Estes Park o f f  CO 7 .  ( 3 - 2 - 7 8 1  
E s t e s  P a r k  v i c i n i t y .  MILLS, ESOS, flO!IEST!:AD CABIS, S o f  E>.tes park o f f  

E s t e s  Park v i c i n i t y .  BIORXINE LODGE, W o f  E s t e s  Park o f f  U.S. 56 on Bear Lake 

E s t o s  Park v i c i n i t y .  WIIITE, WILI.I:\F! A L L E N ,  CABISS, W o f  E s t e s  Park ;it ?lorair?c 

F o r t  C o l l i n s .  AMMOSS HALL. Colorado S t i t a  [ Jn i s -ers i ty  campus, ( 6 - 1 5 - 7 8 )  
F o r t  C o l l i n s .  ANDREWS HOUSE, 324 E. Oak S t r e e t ,  ( 1 2 - 1 5 - 7 8 )  
F o r t  C o l l i n s .  AVERY HOUSE, 328 W. Mountain Avenue, (6 -24-72)  PH008'22Oc. 
F o r t  Col l ins .  BAKCR HOUSE, 304-304  1 / L  E. f lulberry S t r e e t ,  ('-29-78) 
F o r t  C o l l i n s .  

CO 7 ,  ( 5 - 1 1 - 7 3 )  liH008i2J8 

Road, (IO-8-7C) 

Perk V i s i t o r  C e n t e r  i n  Rocky ,\!ouratair. Nat iona l  Park,  ( ~ 0 - 2 5 - ' 3 )  PHOO872SJ 

BOTjLUICAL ASD HORTICULTURAL LABORATORY, Colorado Stnte Uni*:ersity 
canpus 

' F o r t  C o l l i n s .  BOUTCN, JAY H., YOUSE, 113 M. S h e i - - 3 d  S t r e e t ,  ( 1 2 - 1 8 - 7 6 ;  
I i F o r t  C o l l i n s .  FORT COLLISS POST OFFICE, 201 S. C o l l e g e  Avenue, ( 1 - 3 0 - 7 8 )  

F o r t  C o l l i n s .  FULLER, PlOSTE7ilMA. HOUSE, 226 Y. Magnolia S t r ? e t ,  ( 1 2 - 1 5 - 7 8 )  
F o r t  c o l l i n s .  MCHUGH-ASDREUS HOUSE, 202 Re-tinEton S t r e e t ,  ( 1 2 - 2 7 - 1 8 )  
F o r t  C o l l i n s .  

F o r t  C o l l i n s .  SPRUCE HALL,  Colorado S t a t e  U n i v e r s i t y  campus, ( 1 - 9 - 7 7 )  
F o r t  C o l l i n s  v i c i n i t y .  

Loveland v i c i n i t y .  

OLD ?OWN FORT COLLINS, Roughly bounded by C o l ~ e g c  .4venue, 
Mountain, P i n e ,  Willow, and Walnut S t r e e t s ,  (8-2-:&) 

LINDLkLEIER S I T E ,  28 miles X. of F o r t  C e l l i n s ,  1 - 7 5  
miles S. of Wyoming s tate  l i n e ,  (10 -15-66) .  P H 0 0 8 ? 2 4 6 ~ ~ t .  

CHASTEEN'S GROVE, W o f  Loveland off U.S. 3 4 ,  ( 9 - 6 - 7 8 )  



7 .  , 
y , 

park county  

F a i r p l a y .  
F a i r p l a y .  

SOIJTl i  PARK CO.\FlUSiTY CIIURCIt, 6 t h  2nd Itathaway S t r e e t s ,  ( 1 1 - 2 2 - - - )  

SOUTll PdRK LdGI-R R1:I.R RI?ThI .Rf .  3rd and Fron: S t r e e t * ; ,  fh-,75-'di 

SUNZlI R S A L O O S ,  3rd and  bront  S t r e e t s ,  (S-R--J) Pl1008~l86 
P I I O O ~ : ~ ~ ~  

F a i r p l a y .  

C r e e l c y .  MEEKI:R !ICMORIAL ?lIISEIJ!l, 1 3 2 3  9 t h  -\venue, ( ? -26 - '0 )  PIiOOS'J91 
Crecley. WELD COUNTY COIJRTI{OUSL, 9 t h  S t r e e t  and 9 t h  RVenue, (l-g-'R' 

P l a t t e v i l l e  v i c i n i t y .  F O R T  VASQUEZ SITE, on U.S. 85 ,  ( 1 0 - 3 0 - 7 0 )  PHOOR'JR3c. 

The f o l l o w i n g  p r o p e r t i e s  have heen determined t o  be e l i s i b l e  f o r  i n c l u s i o n  i n  
the Nat ional  R e g i s t e r .  

boulder county 

Longmont. HOVER PfANSION DISTRICT, 13119 llovcr R o a d  

*ver c o u n x  

Denver. 3 1 s t  S T R E E T  OVERFLOK STRIJCTURE.  3 1 s t  S t r e e t  and A t k i n s  Court ( 6 3 . 3 )  

douglas  county 

KEYSTONE RAILROA? B R I D G E ,  Pikc N a t i o n a l  F o r e s t  
South P l a t t e  Canyon. DEASSRURRY B R I D G E ,  F o o t h i l l s  P r o j e c t  7.: miles f 1 2 . 5  km) 

W from g a t e  a t  K a s s l e r  Treatment P l a n t  a l o n g  a c c e s s  r o a d ,  ( a l s o  i n  J e f f e r s o n  County) 

g a r f i e l d  c o u n t s  

HAVEMEYER-NILCOX CANAL SYSTIY 

j e f f e r s o n  c o u n t x  

South  P l a t t e  v i c i n i t y .  D E W E R  AND R I O  GRANDE ROCKUORK AND RAILROADS.  F o o t h i l l s  
P r o j e c t . .  

larimer county  

. -  
,. Buckeye v i c i n i t y .  SITES 5 - L R - 2 5 7  AND 5 - L R - 2 6 ; ,  B o x e l d c r  Watershed P r o j e c t .  

Estes Park .  BEAVE.R MEAD3h'S S I A I N T E N A K E  A R E A ,  R o c k y  Mountain N a t i o n a l  Park 
U t i l i t y  Area 

, 

/ 

/ 

I 


